VOLUME  II 


m 


DTIC 

,ELECTE? 

I  B  I 


July  11th  to  14th  1994 
Lisbon,  Portugal 


SEVENTH  INTERNATIONAL  SYMPOSIUM  ON 


APPLICATIONS  OF  LASER  TECHNIQUES  TO  FLUID  MECHANICS 


VOLUME  n 


DUS  quality  inspected  8 


I 


July  11th  to  14th  1994 
Lisbon,  Portugal 


I 


94-32355 

iiiiiiiii 


PREFACE 


The  proceedings  volumes  I  and  II  comprise  the  papers  that  were  accepted  for  presentation  at  the 
Seventh  International  Symposium  on  Applications  of  Laser  Techniques  to  Fluid  Mechanics  held 
at  The  Calouste  Gulbenkian  Foundation  in  Lisbon,  during  the  period  of  July  11  to  14, 1994.  The 
prime  objective  of  this  Seventh  Symposium  is  to  provide  a  forum  for  the  presentation  of  the  most 
advanced  research  on  laser  techniques  for  flow  measurements,  and  reveal  significant  results  to  fluid 
mechanics.  The  a{^lications  of  laser  techniques  to  scientific  and  engineering  fluid  flow  research  is 
emphasized,  but  contributions  to  the  theory  and  practice  of  laser  methods  are  also  considered  where 
they  facilitate  new  improved  fluid  mechanic  research.  Attention  is  focused  on  laser-Doppler 
anemometry,  particle  sizing  and  other  methods  for  the  measurement  of  velocity  and  scalars  such  as 
particle  image  velocimetry  and  laser  induced  fluorescence. 

The  papers  comprising  the  formal  record  of  the  meeting,  were  selected  following  high 
standard  reviews,  by  members  of  the  Advisory  Committee,  from  approximately  300  extended 
abstracts  submitted  for  presentation  at  this  meeting. 

Volume  I  comprises  the  papers  to  be  presented  during  the  first  and  second  days  of  the 
Symposium,  namely  July  1 1th  and  12th,  while  Volume  II  includes  the  papers  of  the  following 
days,  Wednesday,  July  I3th,  and  Thursday,  July  I4th. 

We  would  like  to  take  this  opportunity  to  thank  those  who  assisted  us.  The  assistance 
provided  by  the  Advisory  Committee  is  highly  appreciated.  We  are  highly  indebted  for  the 
financial  support  provided  by  the  Sponsoring  Organizations  that  made  this  Symposium 
possible.  Many  thanks  are  also  due  to  the  secretariat  of  the  Symposium,  Gra^a  Pereira, 
Carlos  Carvalho,  Anabela  Almeida  and  Lufsa  Martins. 
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Abstract 

Interactions  between  polydisperse  sprays  commonly 
occur  in  many  technical  processes,  such  as  fuel  injec¬ 
tion,  spray  painting,  scrubbers  or  spray  drying.  The 
choice  or  optimization  of  droplet  size  distributions  in 
such  cases  must  therefore  also  consider  nozzle  place¬ 
ment  and  orientation,  and  the  variation  of  the  size 
distribution  induced  by  coalescence.  Experimentally, 
the  investigation  of  spray  interaction  requires  a  pas¬ 
sive  marking  of  each  spray  and  a  suitable  measuring 
technique  to  distinguish  the  marker,  also  in  the  case 
of  coalescence.  In  the  present  study,  the  refractive  in¬ 
dex  has  been  chosen  as  a  marker  and  the  Extended 
Phase-Doppler  Anemometer  (EPDA)  is  used  as  a  de¬ 
tector  of  the  marked  fluid.  The  principles  of  the  EPDA 
have  been  presented  previously,  indicating  that  the  ve¬ 
locity,  size  and  refractive  index  of  each  droplet  can  be 
determined.  The  present  study  uses  simple  hollow-cone 
nozzles  and  sugar/water  mixtures  to  carry  out  EPDA 
measurements  on  polydisperse  spray  interaction. 

1  Introduction 

Liquid  sprays  are  essential  in  numerous  industrial  and 
technical  processes,  ranging  from  spray  painting  and 
spray  drying  to  flue  gas  cleaning  in  wet  scrubbers  of 
power  plants,  diesel  spray  generation  and  rocket  fuel 
injection.  In  many  applications,  interactions  between 
the  spray  cones  of  neighbouring  nozzles  are  either  un¬ 
avoidable  or  intentional,  where  coalescence  processes 
may  significantly  alter  the  characteristics  of  the  spray. 
For  investigations  aimed  at  a  better  understanding 
of  such  spray  interaction  processes,  an  experimental 
method  is  required,  which  not  ctily  yields  droplet  size 
and  velocity  information  (Yurteri  et  al.  (1993)),  but 
also  allows  the  origin  of  the  droplet  and/or  the  degree 
of  mixing  to  be  recognized.  This  encompasses  both  a 
“marking”  of  the  fluid  in  each  spray  and  a  “detec¬ 
tion”  of  the  marker  when  measuring  the  droplet  size 
and  velocity.  The  extended  Phase-Doppler  Anemome- 
try  (EPDA)  is  such  a  method,  providing  a  measure  of 


the  refractive  index  of  individual  droplets  (Naqwi  et  al. 
(1990),  Pitcher  et  al.  (1990)).  The  interaction  of  two 
sprays  can  be  studied  with  the  EPDA  by  using  two 
liquids  with  distinctly  different  refractive  indexes  in 
each  of  the  two  spray  nozzles.  The  measured  refractive 
index  of  individual  droplets  yields  their  origin  and/or 
degree  of  mixing  with  droplets  of  the  other  liquid.  The 
present  paper  begins  with  a  brief  review  of  the  EPDA 
principles  followed  by  a  description  of  the  experimen¬ 
tal  setup  and  technique.  It  is  shown  that  good  optical 
alignment  is  essential  for  achieving  acceptable  accu¬ 
racy  and  the  alignment  techniques  devised  for  this  pur¬ 
pose  are  described.  Finally,  measurement  results  from 
a  systematic  study  of  the  interaction  of  two  sprays  are 
presented. 

2  Principles  of  Extended  Phase- 
Doppler  Anemometry 

The  basic  idea  of  the  extended  phase-Doppler 
anemometry  (EPDA)  is  essentially  to  operate  two 
PDA  receiving  units  at  two  different  scattering  angles 
simultaneously,  yielding  redundancy  in  the  size  mea¬ 
surement  and  thus  the  possibility  for  determining  the 
refractive  index.  According  to  geometrical  optics,  the 
relation  between  the  droplet  diameter  dp  and  the  mea¬ 
sured  phase  shift  of  the  Doppler  signals  received  by 
two  detectors  at  the  scattering  angle  d>i  may  be  written 
as 

=  Fi(a,k,Tn,rpii^2,<l>i)dp  (1) 

for  each  scattering  angle  indicated  by  the  subscripts 
t  =  1,2,  whereby  a  is  the  beam  intersection  half  an¬ 
gle  and  are  the  detector  elevation  angles.  For 
refraction-dominated  light,  the  ratio  of  the  equations 
for  the  two  different  scattering  angles  may  be  written 
as 

^1  _  sin  V>i  / 1  -b  cos  Q  cos  cos 
Oj  sin  \  1  -I-  cos  o  cos  ipi  cos  / 

/ 1  -b  -  m[2(l  -f  cosqcosV>2Cos^)]*^^\ 
yi  -b  -  m(2(l  -b  cosocostti cos^ijj'/^y 
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giving  a  relation  between  the  measured  phase-shift  ra¬ 
tio,  the  refractive  index  of  the  scattering  particle  and 
the  parameters  of  the  geometrical  configuration  of  the 
EPDA  system.  This  form  of  the  equation  is  only  valid 
for  a  symmetric  arrangement  of  the  photodetectors  rel¬ 
ative  to  the  scattering  plane  (i.e.  Va  =  — ^Lnd  for 
sufficiently  small  intersection  half  angle  a  and  eleva¬ 
tion  angles  rl).  The  right-hand  side  contains  as  an  un¬ 
known  only  the  refractive  index  m  of  the  scattering 
particle.  Resolving  the  equation  with  respect  to  the 
refractive  index  and  dropping  the  physically  irrelevant 
solution,  one  obtains  the  equation 


y/Ti  —  A^/Jl 
2  A-1 


where 
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2 


-  1 


(3) 


fi 

f2 

A 


2(1-1-  cos  a  cos  il>-i  cos  ) 
2(1  +  cos  a  cos  rl>2  cos 
/$!  sinV>2y  /i 
V$jsinV>i/  h 


(4) 

(5) 

(6) 


This  equation  provides  real  solutions  only  for  non- 
vanishing  denominators  and  positive  square-root  ar¬ 
guments,  thus  involving  the  validation  criterion 


y/B-2  ^  , 

N/7r-2-$, 


(7) 


For  an  optical  arrangement  with  scattering  angles  <l>i  = 
60°,  <l>2  =  30°,  elevation  angles  V’1,2  =  ±3.69°,  and  an 
intersection  half  angle  of  o  =  1.69°,  as  used  in  the 
present  study,  these  limiting  values  are 

0.5663  <  ^  <  1.1152  . 

$2 


This  configuration  was  shown  by  JVaqwi  et  al.  (1990) 
to  be  suitable  for  applications  in  liquids  with  refractive 
indexes  around  1.35. 


3  Experimental  setup  and  tech¬ 
nique 

The  setup  for  the  EPDA  measurements  contains  two 
standard  PDA  receiving  optics  units.  A  sketch  of  the 
whole  arrangement  is  shown  in  Fig.  1.  The  transmit¬ 
ting  side  of  the  optical  system  was  equipped  with  a  15 
mW  He-Ne  laser.  The  transmitting  optics  consisted  of 
a  beam  splitter,  one  pair  of  Bragg  cells  and  a  trans¬ 
mitting  lens.  The  diameter  of  the  probe  volume  gen¬ 
erated  with  this  setup  was  about  290  /xm.  The  Bragg 
cells  in  the  transmitting  optics  with  a  shift  frequency 
difference  of  1  MHz  facilitated  the  measurement  of 


Figure  1:  Sketch  of  the  test  rig  used  for  the  experi¬ 
ments.  For  preliminary  measurements,  a  monodisperse 
droplet  generator  was  used  instead  of  the  two  spray 
nozzles.  The  nozzle  arrangement  is  turned  by  90°  for 
clarity.  The  off-axis  angles  are  =  60°,  ^  =  30°. 


low  droplet  velocities.  The  velocity  factor  used  for 
the  calculation  of  velocities  from  measured  Doppler 
frequencies  was  10.72  m/s/MHz.  Other  relevant  data 
of  the  setup  are  given  in  Table  1.  For  preliminary 


Quantity 

Value 

He-Ne  Laser  power 

IbmW 

Transmitting  lens  focal  length  ft 

372.5mm 

Beam  spacing  at  transm.  lens  exit 

22mm 

Gaussian  beam  diameter  at  lens  exit 

0.8mm 

Off-axis  angle  ^  receiving  unit  1 

60° 

Off-axis  angle  ^  receiving  unit  2 

30° 

Elevation  angles  V*  on  units  1,2 

3.69° 

Receiving  lens  focal  length 

310mm 

Table  1:  Data  of  the  EPDA  setup  used  for  the  experi¬ 
ments. 


measurements,  streams  of  monodisperse  droplets  pro¬ 
duced  with  a  TSI  droplet  generator  were  used.  In  sub¬ 
sequent  studies,  hollow-cone  water  and  sugar/water 
sprays  were  produced  by  means  of  domestic  oil  burner 
nozzles  purchased  from  Dan  FOSS  Co..  The  signal  pro¬ 
cessing  was  preceded  by  two  band-pass  filter  units  and 
an  8-bit  digitization  in  a  4-channel  transient  recorder 
with  data  transfer  to  a  personal  computer.  The  fre¬ 
quency  and  phase  shift  of  the  Doppler  signals  were 
determined  by  the  software,  using  the  cross-spectral 
density  technique  of  Domnick  et  al.  (1988).  The  ratio 
of  the  phase  shifts  measured  under  different  off-axis 
angles  was  calculated  in  a  postprocessing  procedure; 
the  refractive  indexes  determined  from  this  ratio  were 
also  computed  with  this  software. 
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4  Measurements  in  monodisperse 
droplet  streams 

Preliminary  measurements  were  carried  out  with  the 
EPDA  system  on  monodisperse  water  droplet  streams 
in  order  to  check  the  accuracy  of  the  measurements 
and  the  sensitivity  of  the  system  to  misalignments.  The 
monodispersed  droplets  were  produced  by  means  of  a 
TSI  vibrating  orifice  generator.  The  measurements  in¬ 
dicated  that  the  relative  refractive  index  m  of  droplets 
with  a  diameter  in  the  range  of  60  pm  to  110  pm  can 
be  measured  with  an  accuracy  of  0.6  %  and  with  a  nor¬ 
malized  standard  deviation  of  about  8  •  10~^,  as  indi¬ 
cated  in  Fig.  2.  The  occurence  of  a  distribution  rather 


Refractive  Index 


of  two  polydisperse  hollow  cone  sprays  with  a  nominal 
spray  cone  angle  of  60®  were  carried  out.  The  exit  hole 
diameter  of  these  nozzles  is  300  pm.  The  nozzles  were 
traversable  in  three  directions  allowing  measurements 
to  be  carried  out  at  various  points  in  the  spray  cones. 
The  nozzles  were  adjusted  so  that  the  symmetry  lines 
of  the  spray  cones  lay  in  a  plane  perpendicular  to  the 
plane  of  the  incident  laser  beams.  The  intersection  an¬ 
gle  between  the  symmetry  lines  of  the  nozzles  was  15°. 
The  distance  between  the  nozzle  exit  holes  was  14  mm. 
The  arrangement  is  shown  in  Figure  3  and  also  in  Fig¬ 
ure  1,  but  there  it  is  turned  by  90°  for  clarity.  The  x 
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Figure  2:  Measured  refractive  index  distribution 
in  a  monodisperse  water  droplet  stream  (dp  = 
71.8  pm).  The  deviation  of  the  measured  mean  value  of 
m  =  1.326  from  the  refractive  index  m  =  1.334  mea¬ 
sured  with  a  refractometer  is  -0.6%.  The  normalized 
standard  deviation  of  the  distribution  is  8.0  •  10"^. 


Figure  3:  Sketch  of  the  measuring  planes  in  the  mix¬ 
ing  zone  of  the  sprays.  The  central  grid  points  have  the 
coordinates  (x/y)  =  (0/0).  The  positive  coordinate  di¬ 
rections  are  indicated  by  the  arrows.  The  plane  of  the 
incident  laser  beams  is  the  plane  y  =  0. 


than  a  single  peak  value  is  due  to  slight  alignment 
errors  of  the  receiving  optics,  inevitable  noise  in  the 
signals  and  theoretically  verifiable  scatter  in  the  phase 
shift  ratio.  During  these  experiments,  the  alignment  of 
the  receiving  optics  turned  out  to  be  the  crucial  point 
of  the  system.  It  could  be  shown  that  even  slight  er¬ 
rors  in  the  alignment  of  the  APD  photodetectors  may 
cause  severe  errors  in  the  refractive  index  measure¬ 
ments.  For  this  purpose,  correct  PDA  measurements 
of  the  diameter  of  droplets  of  known  size  at  both  scat¬ 
tering  angles  were  found  to  be  a  sufficient  condition  for 
good  alignment  of  the  receiving  optics  system,  thus  the 
preliminary  use  of  monodispersed  droplets. 

5  Measurements  in  polydisperse 
sprays 

Using  an  EPDA  system  which  was  aligned  according  to 
the  procedure  above,  measurements  in  the  mixing  zone 


axis  in  Figure  1  is  directed  from  right  to  left,  in  the 
plane  of  the  laser  beams. 

The  liquid  was  supplied  to  the  nozzles  using  air- 
pressurized  liquid  reservoirs,  which  were  connected  to 
the  nozzles  by  hoses.  The  use  of  separate  reservoirs 
for  each  of  the  nozzles  provided  the  possibility  to  run 
each  nozzle  with  different  liquids  and  pressures.  The 
liquid  flow  rates  through  the  nozzles  were  adjusted  by 
choosing  the  appropriate  driving  air  pressure.  In  the 
present  section,  an  overview  of  the  measurements  will 
be  given,  and  the  results  will  be  discussed. 

5.1  Measurement  programme 

In  order  to  check  the  capabilities  of  the  technique,  mea¬ 
surements  were  first  carried  out  in  pure  water  sprays. 
Measurements  were  performed  on  grids  of  25  points 
at  two  downstream  distances  from  the  nozzle  exits. 
The  ■'•ids  are  sketched  in  Fig.  3.  The  mesh  widths  at 
the  two  distances  of  30  mm  and  90  mm  are  10  mm 
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and  15  mm  respectively.  For  measurements  in  mixing 
two-component  sprays,  the  liquids  used  were  deminer¬ 
alized  water  (m  =:  1.334)  and  a  solution  of  sucrose  in 
demineralized  water  (m  =  1.421).  These  liquids  were 
chosen  in  order  to  achieve  a  sufficiently  large  difference 
between  the  refractive  indexes  of  the  pure  liquids  with¬ 
out  inordenately  increasing  the  viscosity  of  the  fluids. 
Furthermore,  physical  properties  of  the  liquids  were 
required  which  make  the  merging  of  colliding  droplets 
possible,  in  order  to  have  interaction  processes  similar 
to  those  in  one-component  sprays.  Measurements  were 
carried  out  with  constant  flow  rates  of  1.5  1/h  and  3.1 
1/h  for  water  and  sugar/water  respectively. 

5.2  Measurement  results 
The  results  are  distributions  of  mean  values  of  droplet 
size,  droplet  velocity,  and  refractive  index  over  the 
measurement  area  and  local  number  distributions  of 
these  quantities.  The  distribution  of  the  number  mean 
diameter  in  the  mixed  pure  water  sprays  at  the  dis¬ 
tance  of  90  mm  is  shown  in  Fig.  4  as  a  three- 
dimensional  plot  in  order  to  show  the  overall  shape 


Figure  4:  Distribution  of  the  mean  diameter  D\a  in  the 
two  mixed  water  sprays  (axial  distance  90  mm). 

of  the  distribution.  The  profiles  of  the  distributions 
along  the  lines  x  =  0  and  y  =  0  are  shown  in  Figs.  5 
and  6.  From  these  profiles,  the  effect  of  spray  interac¬ 
tion  resulting  in  larger  droplets  is  evident.  The  shapes 
for  the  single  sprays  and  those  for  the  sprays  of  differ¬ 
ent  liquids  look  very  similar  and  will  not  be  repeatedly 
shown  here. 

Fig.  7  shows  the  same  diagram  for  the  distribution  of 
the  mean  vertical  downward  velocity  component  ximean 
in  the  two  mixed  pure  water  sprays.  The  distribution 
exhibits  a  clear  maximum.  The  maximum  value  in 
comparison  with  the  single  sprays  value  is  raised  by 
the  mixing  effects.  This  effect  is  clearly  displayed  in 


Figure  5:  Distribution  of  the  mean  diameter  Dm  in  the 
single  sprays  of  nozzles  1  and  2  and  in  the  mixed  water 
sprays  along  the  line  x  =  0  (axial  distance  90  mm). 


Figure  6:  Distribution  of  the  mean  diameter  Dm  in  the 
single  sprays  of  nozzles  1  and  2  and  in  the  mixed  water 
sprays  along  the  line  y  =  0  (axial  distance  90  mm). 


Figure  7:  Distribution  of  the  mean  velocity  component 
Umean  in  the  two  mixed  water  sprays  (axial  distance  90 
mm). 
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Figure  8;  Distribution  of  the  mean  vertical  downward 
velocity  component  Um„n  >n  the  single  sprays  of  noz¬ 
zles  1  and  2  and  in  the  mixed  water  sprays  along  the 
line  X  =  0  (axitd  distance  90  mm). 


Figure  9:  Distribution  of  the  mean  vertical  downward 
velocity  component  Umean  in  the  single  water  sprays  of 
nozzles  1  and  2  and  in  the  mixed  sprays  along  the  line 
y  =  0  (axial  distance  90  mm). 

the  two-dimensional  profiles  shown  in  Figs.  8  and  9, 
where  the  curves  for  the  single  sprays  are  also  shown. 

In  Fig.  10  the  distribution  of  the  mean  refractive  in¬ 
dex  measured  in  the  single  water  spray  of  nozzle  1  is 
shown  as  an  example.  The  deviation  of  the  values  from 
the  correct  value  of  m  =  1.334  varies  with  the  loca¬ 
tion  of  measurement  in  the  spray.  The  minimum  of 
the  measured  distribution  corresponds  to  the  region  in 
the  spray  where  the  deviation  from  the  correct  value 
takes  the  smallest  vaJues,  i.e.  the  measured  refractive 
index  is  too  large  at  all  positions  due  to  a  systematic 
error  caused  by  a  slight  misalignment.  The  maximum 
occuring  deviation  is  1.8  %.  The  deviation  of  the  mea¬ 
sured  mean  refractive  index  from  the  correct  value  and 


Figure  10;  Distribution  of  the  mean  refractive  index  m 
in  the  pure  water  spray  of  nozzle  1  (axial  distance  90 
mm). 

the  standard  deviation  of  the  measured  refractive  in¬ 
dex  distribution  both  show  a  negative  correlation  with 
the  particle  size,  a  result  which  is  not  explicitly  pre¬ 
sented  in  this  paper.  Therefore,  for  a  system  without 
the  mentioned  systematic  error,  the  position  of  maxi¬ 
mum  mean  value  deviation  and  maximum  standard  de¬ 
viation  of  the  measured  refractive  index  coincides  with 
the  region  of  minimum  number  mean  diameter.  Maxi¬ 
mum  normalized  standard  deviations  of  the  measured 
refractive  index  attained  values  of  6  %  for  particles 
with  a  number  mean  diameter  of  about  49  nm.  An  ex¬ 
ample  of  such  measured  refractive  index  distributions 
is  shown  in  Fig.  11.  This  plot  shows  the  data  at  the 
gridpoint  (x/y)=:(0/0)  at  an  axial  distance  of  90  mm 
in  the  two  single  and  in  the  mixed  water  sprays. 


Figure  11;  Distribution  of  the  measured  refractive  in¬ 
dex  values  in  the  single  water  sprays  of  nozzle  1  and 
2  and  in  the  two  mixed  sprays  (axial  distance  90  mm, 
central  grid  point). 

The  results  of  the  measurements  for  the  case  of  mixing 
sprays  of  different  liquids  show  no  significant  differ- 
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Figure  12:  Distribution  of  the  mean  refractive  index 
m  in  the  mixed  water  and  sugar/water  sprays  (axial 
distance  90  mm). 

ences  to  the  pure  water  sprays  case  discussed  above. 
The  only  difference  worth  meuiioning  occurs  in  the 
distribution  of  the  measured  mean  refractive  index, 
shown  in  Fig.  12.  This  diagram  clearly  shows  the  re¬ 
gions  in  the  mixing  zone  of  the  sprays,  where  mainly 
sugar/water  droplets  are  present.  Due  to  some  asym¬ 
metry  in  the  sugar /water  spray,  the  distribution  also  is 
not  symmetric.  A  large  sugar/watcr  influence  in  spe¬ 
cial  occurs  in  the  center  of  the  region  around  y  =  -30 
mm,  and  on  the  opposite  side  close  to  y  =:  30  mm. 
These  zones  are  characterized  by  the  boundaries  of  the 
cone  of  the  sugar/water  spray  (produced  by  nozzle  2). 
In  the  center  of  the  grid,  the  measured  mean  refrac¬ 
tive  indexes  are  dominated  by  the  water  spray,  which 
exhibited  a  symmetric  hollow  cone.  Difficulties  with 
the  sugar/ water  spray  were  mainl.  due  to  a  slightly 
too  small  mass  flow  rate  caused  by  a  limitation  in  the 
maximum  applicable  driving  pressure. 

A  point  of  special  interest  are  the  measuied  number 
distributions  of  the  refractive  index  in  the  mixing  zone 
of  the  sprays  of  different  liquids.  These  distributions 
in  the  central  point  of  the  measurement  grid  at  the 
distance  of  90  mm  are  shown  in  Fig.  13.  The  curves 
give  the  refractive  index  distributions  in  the  pure  wa¬ 
ter  spray,  the  pure  sugar/water  spray  and  in  the  mixed 
spray.  It  can  be  seen  that  the  peak  value  of  the  mixed 
spray  distribution  occurs  at  the  point  of  the  pure- water 
value.  Due  to  the  asymmetry  in  the  sprays,  no  peak  of 
pure  sugar/water  droplets  can  be  detected  at  this  loca¬ 
tion  in  the  mixing  zone.  The  distribution  for  the  mixed 
sprays  case,  however,  is  much  broader  than  that  of  the 
single  spray  case,  indicating  an  increased  range  of  re- 


Figure  13:  Measured  refractive  index  distributions  for 
the  pure  water  spray,  the  sugar/water  spray  and  the 
mixed  spray  (axial  distance  90  mm,  point  (x/y)  = 
(0/0)). 


Figure  14:  Measured  refractive  distributions  for 
the  pure  water  spray,  the  sugar/water  spray  and  the 
mixed  spray  (axial  distance  90  mm,  point  (x/y)  =  (9/- 
15  mm)). 

Tractive  indexes  occuring  in  the  sprays.  At  the  point 
(x/y)  =  (0/-15mm),  peaks  of  the  mixed  spray  refrac¬ 
tive  index  distribution  can  be  detected  both  at  the 
refractive  index  of  the  water  ana  of  the  sugar/water 
spray  (Fig.  14). 

5.3  Fitting  of  droplet  diameter  distribu¬ 
tions  with  the  three-parameter  log- 
hyperbolic  function 

The  number  mean  droplet  diameter  in  the  center  of  the 
mixed  spray  was  found  to  show  only  an  increase  of  6% 
in  comparison  with  the  two  single  sprays.  This  small 
increase  has  only  slight  significance  for  the  influence 
of  spray  mixing  on  the  droplet  diameter  distributions. 
Therefore,  the  measured  distributions  were  fitted  to 
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Figure  15;  Sketch  of  the  three- parameter  log- 
hyperbolic  distribution  function.  The  geometrical  sig¬ 
nificance  of  the  parameters  a,  d,  and  /i  can  be  seen 
from  the  graph  f(d). 

the  three-parameter  log-hyperbolic  distribution  func¬ 
tion.  The  three  parameters  of  the  function  were  shown 
to  be  suitable  for  characterizing  the  droplet  diameter 
distributions  in  polydisperse  sprays  (Xu  et  aJ.  (1993))- 
A  sketch  of  the  log-hypberbolic  function  /(d)  pictur¬ 
ing  the  geometrical  significance  of  the  parameters  is 
shown  in  Fig.  15.  The  profiles  of  the  three  parame¬ 
ters  of  the  function  along  the  line  x  =  0  are  shown 
in  Figs.  16  through  18.  The  parameter  a  shows  only 


Figure  16:  Distribution  of  the  parameter  a  of  the  log- 
hyperbolic  distribution  function  for  the  pure  water 
sprays  of  nozzle  1  and  nozzle  2  and  for  the  mixed  water 
sprays  (axial  distance  90  mm,  points  x  =  0). 

a  small  difference  between  the  single  sprays  and  the 
mixed  spray.  The  parameters  and  fi,  however,  clearly 
exhibit  larger  values  in  the  mixing  zone  of  the  sprays. 
These  parameters  are  a  measure  for  the  rotation  angle 
of  the  function  graph  (d)  and  for  the  maximum  point 


Figure  17:  Distribution  of  the  parameter  d  of  the  log- 
hyperbolic  distribution  function  for  the  pure  water 
sprays  of  nozzle  1  and  nozzle  2  and  for  the  mixed  water 
sprays  axial  distance  90  mm,  points  x  =  0). 


Figure  18:  Distribution  of  the  parameter  p  of  the  log- 
hyperbolic  distribution  function  for  the  pure  water 
sprays  of  nozzle  1  and  nozzle  2  and  for  the  mixed  water 
sprays  (axial  distance  90  mm,  points  x  =  0). 

location  of  the  function  graph  (/j),  as  was  pointed  out 
elsewhere  (Xu  et  a/.  (1993)).  Therefore,  the  increased 
values  represent  well  the  increase  of  the  droplet  diame¬ 
ters  {ft)  and  the  increased  percentage  of  larger  droplets 
(d).  The  shape  of  the  curve  for  parsoneter  d  in  the 
mixed  sprays  even  changes  from  concave  to  convex. 

These  results  show  that  EPDA  together  with  a  fitting 
procedure  to  the  log-hyperbolic  function  makes  a  de¬ 
tailed  analysis  of  mixing  processes  in  interacting  spray 
cones  possible  and  gives  better  insight  into  the  mix¬ 
ing  processes  than  techniques  providing  only  droplet 
diameters  and  velocities. 

6  Conclusions 

EPDA  measurements  of  the  velocity,  the  diameter  and 
the  refractive  index  of  monodisperse  droplet  streams 
and  of  mixing  hollow  cone  sprays  of  different  liquids 
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at  a  fixed  intersection  angle  have  been  carried  out. 
The  measurements  on  monodisperse  droplet  streams 
offered  a  means  of  alignment  for  the  two  receiving  op¬ 
tics  units  of  the  EPDA  system.  Using  this  method, 
mean  refractive  index  errors  as  small  as  0.6  %  and 
normalized  standard  deviations  of  the  refractive  in¬ 
dex  distribution  of  only  0.8  %  and  even  less  may  be 
achieved. 

Using  the  EPDA  system  after  this  alignment  proce¬ 
dure  for  measurements  in  polydisperse  sprays,  refrac¬ 
tive  index  distributions  are  obtained  which  are  signif¬ 
icantly  narrower  than  those  presented  in  earlier  mea¬ 
surements  by  Naqwi  et  al.  ('J9S0^( normalized  standard 
deviation  of  about  6  %  or  less)  and  which  correctly  rep¬ 
resent  the  physical  features  of  the  sprays.  Thus,  in  the 
case  of  mixing  sprays  of  different  liquids,  two  peaks  of 
the  pure  liquid  droplets  are  clearly  represented.  This 
is  the  first  time,  that  such  results  of  EPDA  measure¬ 
ments  have  been  published. 

The  mixing  zone  of  the  sprays  at  a  distance  of  90  mm 
is  characterized  by  a  spray  mixing-induced  increase  of 
the  mean  droplet  diameter  D\o  by  about  3.6  %  for  the 
pure  demineralized  water  sprays  investigated  here,  and 
by  6.0  %  for  the  mixed  water  and  sugar/water  sprays. 
Furthermore,  an  increase  of  the  maximum  downward 
velocity  component  in  the  mixing  zone  of  the  sprays 
by  10  %  to  40  %  is  observed.  These  effects  of  increased 
values  of  mean  quantities  may  be  due  to  two  differ¬ 
ent  phenomena:  1)  The  values  of  droplet  diameter  and 
velocity  really  have  become  larger;  2)  The  probabil¬ 
ity  of  the  occurence  of  larger  values  has  grown  due 
to  the  presence  of  a  second  spray  being  run  simulta¬ 
neously.  These  two  possible  reasons  for  the  increased 
mean  values  in  the  case  of  the  velocity  are  hard  to  dis¬ 
tinguish,  as  the  maximum  velocity  of  the  droplets  oc- 
curing  in  the  center  of  the  sprays  indicates  a  very  high 
probability  density  for  the  occurence  of  high  veloci¬ 
ties.  In  contrary,  for  the  droplet  diameter  in  the  center 
of  the  spray  cones,  the  probability  for  the  occurence 
of  large  droplets  is  low.  The  observed  increase  of  the 
droplet  diameters  in  the  mixing  zone  of  the  sprays  is 
well  represented  by  the  parameters  a,  p,  and  t?  of  the 
three-parameter  log-hyperbolic  distribution  function, 
as  could  be  shown  here. 

In  conclusion  it  can  be  said  that  this  experimental 
work  shows  the  feasibility  of  the  EPDA  technique  for 
the  invest!^  •'  Dn  of  multiple  interacting  sprays.  A  lim¬ 
itation  of  the  technique,  however,  comes  up  due  to  the 
effect  that  uncertainties  in  the  refractive  index  mea¬ 
surements  grow  considerably  with  decreasing  droplet 
diameters.  A  threshold  value  for  the  presently  used  ar¬ 
rangement  is  30  /tm.  This  means  that  for  the  purpose 


of  spray  interaction  studies  including  the  investiga¬ 
tion  of  individual  spray  droplet  coalescence,  two  liquids 
with  very  largely  different  refractive  indexes  should  be 
used.  The  results  suggest  a  desirable  minimum  differ¬ 
ence  between  these  pure  component  refractive  indexes 
of  Am  =  0.2,  which,  however,  is  hard  to  reach  with 
experimentally  workable  liquids. 
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Fig.  3.  Radiation  pressure  cross-sections  as  a  function 
of  droplet  radius  r.  The  increment  between 
subsequent  radii  at  which  has  been  calculated 
was  0.01  ttm.  Results  are  shown  for  water  and 
ethanol,  which  have  the  refractive  indices  m=  1.33 
and  m  =  1.36.  Here  and  for  all  following  calculations 
of  radiation  pressure  cross-sections  the  waist  radius 
of  the  laser  beam  was  Wg  =  100  4m  and  the 
wavelength  was  X  =  S14.S  nm. 

23  Comparison  between  rainbow  position  and  radiation 
pressure  cross-section 

For  a  comparison  of  the  oscillations  of  the  radiation 
pressure  forces  with  the  oscillations  of  the  rainbow  position 
V  calculations  with  a  high  resolution  in  droplet  radius  were 
performed  for  both  and  0^,^..  Thirteen  different  values  of 
refractive  indices  have  been  chosen,  which  correspond  to 
hydrocarbons  from  pentane  to  hexadecane  and  water.  With  this 
selection  a  wide  range  from  m=  1.333  to  1.4345  is 
covered.  In  the  following  two  figures  the  rainbow  angle 
and  the  radiation  pressure  cross-section  are  shown  as  a 
function  of  the  droplet  radius  r.  Results  for  two  different  radius 
intervals  are  presented  for  water,  hexane,  and  pentadecane.  The 
rainbow  angle  6^,^  is  plotted  in  the  upper  plot  of  each  figure, 
whereas  the  radiation  pressure  cross-section  is  shown  in  the 
three  lower  plots.  Figure  4  shows  results  for  the  radius  range 
from  r  =  S  |xm  to  r  =  6.5  pm.  In  Fig.  5  results  for  the  radius 
range  from  r  =  1 5  pm  to  r  =  1 6.5  pm  are  shown.  The  results  of 
B^c(r)  and  C^Jr)  should  be  compared  for  the  same  refractive 
index.  For  the  low  frequency  oscillations  of  both  the  rainbow 
angle  and  the  radiation  pressure  cross-sections  a  similar 
behaviour  is  found.  The  period  of  the  lowest  frequency  of 
these  oscillations  -neglecting  the  sharp  peaks-  seems  to  be  in 
the  same  order  of  magnitude  for  6^^  and  Cpr,z  and  for 
different  size  ranges  and  refractive  indices.  A  detailed 
examination  of  the  period  of  these  oscillations  was  made  using 
a  fast-Pourier  transform  algorithm  (FFT).  The  FFT  algorithm 
has  been  applied  subsequently  to  packages  of  1024 
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In  the  upper  diagram  the  rainbow  angle  6^  as  a 
function  of  droplet  radius  r  is  shown.  In  the  three 
lower  diagrams  the  radiation  pressure  cross-sections 
is  presented  in  the  same  size  range  from 
r  =  5.0  pm  to  r  =  6.5  pm.  Results  are  given  for 
water,  hexane,  and  pentadecane.  The  increment 
between  subsequent  radii,  at  which  the  values  were 
calculated,  is  0.001  pm. 

neighbouring  points  of  the  droplet  radius  for  which  8^  or 
Cpr^  was  calculated.  After  each  FFT  the  window  of  1024 
neighbouring  points  has  been  shifted  by  one  point.  As  a  results 
of  this  procedure  one  obtains  the  period  for  the  oscillations 
of  and  the  period  p,  for  the  oscillations  of  as  a 
function  of  the  mean  radius  associated  to  the  1024  points. 
Results  of  this  procedure  are  shown  in  Pig.  6  and  in  Fig.  7. 
There  the  radius  range  from  r^=  10  pm  to  r^=  11.5pm  has 
been  evaluated.  Again  results  for  water,  hexane,  and 
pentadecane  are  shown.  In  Fig.  6  the  period  Pj,  of  the 
oscillations  of  the  rainbow  angle  and  in  Fig.  7  the  period  p^  of 
the  oscillations  of  the  radiation  pressure  cross-section  is 
presented.  As  can  be  seen  from  these  diagrams  the  values  of 
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Fig.  5.  In  the  upper  diagram  the  rainbow  angles  e*c  as  a 
function  of  droplet  radius  r  is  shown.  In  the  three 
lower  diagrams  the  radiation  pressure  cross-sections 
^prt  presented  for  the  same  size  range  from 
r=  IS.Opm  to  rslb.Spm.  Results  ate  given  for 
water,  hexane,  and  pentadecane.  The  increment 
between  subsequent  radii  at  which  the  values  were 
calculated  is  0.001  fun. 

period  Pg  and  period  Pp  are  practically  the  same  for  equal 
values  of  refractive  index.  Variations  with  the  droplet  radius 
are  negligible.  A  small  dependence  of  the  periods  and  Pp  on 
the  refractive  index  can  be  found.  For  the  three  size  ranges 
from  =  5  pm  to  =  6.5  pm,  from  =  10  pm  to 
r^=  11.5  pm,  and  from  r^=  15pm  to  r^=  16.5  pm  the  FFT 
algorithm  with  the  shift  of  the  packages  was  applied  for  the 
data  obtained  for  the  refractive  indices  of  the  hydrocarbons 
from  pentane  to  hexadecane  and  for  the  refractive  index  of 
water.  For  each  size  range  and  for  each  refractive  index  the 
mean  values  pp^.  and  Pp^,  of  the  periods  were  calculated.  The 
results  are  shown  in  Fig.  8  and  Fig.  9  for  the  average  periods 
Pp^  of  the  oscillations  of  OpcfrJ  and  for  the  average  periods 
Pp^  of  the  oscillations  Cp,^(rJ  as  a  function  of  the  refractive 
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Fig.  6.  Period  Pp  of  the  oscillations  of  the  rainbow  position 
8pf.  as  a  function  of  mean  radius  r_.  Result  for  water, 
hexane,  and  pentadecane  are  shown  in  the  size  range 
from  r  =  10.0  pm  to  r  =  1 1.5  pm. 
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Hg.  7.  Period  Pp  of  the  oscillations  of  the  radiation  pressure 
cross-sections  as  a  function  of  mean  radius  r_. 

Result  for  water,  hexane,  and  pentadecane  ate  shown 
in  the  size  range  from  10.0  pm  to  r  =  1 1.5  pm. 

index.  It  can  clearly  be  seen,  that  the  average  periods  Pp^.  and 
Pp„  are  practically  independent  of  the  droplet  radius  within 
the  studied  size  ranges.  The  values  of  Pp^  and  Pp^,  change 
very  weakly  with  the  refractive  index  from  approximately 
68  nm  for  water  with  m=  1.333  to  approximately  64  nm  for 
hexadecane  with  m  =  1 .4345.  The  transition  from  the  higher  to 
the  lower  value  becomes  mote  evident  in  the  enlarged  view 
shown  in  Fig.  10.  Here  the  values  of  the  periods  Pp^.  and  Pp^ 
are  compared  for  one  radius  interval.  As  can  be  seen  in  Fig.  10 
for  refractive  indices  below  m  =  1.36  a  constant  value  close  to 
68  nm  has  been  found.  For  further  increasing  refractive  indices 
following  a  transition  a  constant  value  close  to  64  nm  for 
refractive  indices  above  1.39  is  obtained.  Furthermore  it 
should  be  emphasized  that  the  values  of  p  ate  identical  for  both 
rainbow  positions  and  radiation  pressures.  In  an  experiment 
with  evaporation  or  condensating  droplets  both  the  oscillations 
of  the  rainbow  or  the  oscillations  of  the  radiation  pressure  can 
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Fig.  8.  Averaged  period  of  the  oscillations  of  the 
rainbow  angle  6^^  for  the  thirteen  diffnent  refractive 
indices  representing  water  and  the  hydrocarbons 
from  pentane  to  hexadecane.  Results  are  shown  for 
three  different  size  ranges.  The  averages  have  been 
taken  over  each  individual  radius  interval. 
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Fig.  9.  Averaged  period  of  the  oscillations  of  the 
radiation  pressure  cross-sections  for  the  thineen 
different  refractive  indices  representing  water  and 
the  hydrocarbons  from  pentane  to  hexadecane. 
Results  ate  shown  for  three  different  size  ranges.  The 
averages  have  been  taken  over  each  individual  radius 
interval. 

be  associated  directly  with  the  rate  of  change  of  droplet  radius 
dr/dx  for  a  range,  in  which  p(m) »  const. 

In  this  case  one  has 


dr 

—  =  P.f.  .  i  =  R,P  (1) 

dt  ‘  ' 

where  and  are  the  frequency  of  the  oscillations  of 
radiation  pressure  or  rainbow  position  respectively.  To  obtain 
these  values  the  temporal  evolution  of  one  of  these  values  has 
to  be  recorded  in  an  appropriate  manner.  All  hydrocarbons 
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Fig.  10.  Averaged  period  p^^  of  the  oscillations  of  the  ra¬ 
diation  pressure  cross-sections  in  comparison 
with  averaged  period  P/^^  of  the  oscillations  of  the 
rainbow  angle  6^^  for  the  thirteen  different  re¬ 
fractive  indices  representing  water  and  the 
hydrocarbons  from  pentane  to  hexadecane.  Results 
are  shown  for  one  size  range  in  an  enlarged  view. 

from  octane  to  hexadecane  have  refractive  indices  above  1.39. 
This  gives  the  basis  to  examine  the  evaporation  of  binary 
mixtures  of  these  hydrocarbons  as  p^  and  p^  in  this  range  is 
indepeixlent  of  size  and  composition. 

This  theoretical  study  and  the  studies  of 
Anders  etal.  (1993)  and  Roth  etal.  (1992)  show,  that  it  is 
possible  to  measure  the  refractive  irkdex,  the  droplet  size  and 
the  evaporation  rate  in  observing  and  evaluating  the  scattered 
light  in  the  region  of  the  frrst  rainbow.  This  study  is  the 
theoretical  basis  for  experimental  investigations  of  evaporation 
rates  of  optically  levitated  droplet.  The  experimental  setup  and 
some  experimental  results  are  presented  in  the  following 
paragraph. 

3.  EXPERIMENTS 

Optical  levitation  is  an  appropriate  tool  to  study 
individual  particles.  In  the  work  of  this  paper  liquid  droplets 
were  levitated  optically  and  stabilized  in  a  vertical  laser  beam. 
The  technique  of  optical  levitation  has  been  as  described  in 
previous  papers  for  instance  by  Ashkin&  Dziedzic  (1971). 
The  droplet  is  observed  in  a  chamber,  whose  temperature  can 
be  adjusted  in  an  appropriate  range.  Depending  on  temperature 
and  saturation  in  the  chamber  the  droplet  will  evaporate  or 
grow  by  condensation.  The  droplet  is  illuminated  by  the 
levitating  laser  beam  of  an  Ar'^-laser  with  a  wavelength  of 
S14.S  nm.  This  allows  to  apply  optical  non-intrusive 
measuring  techniques  to  study  the  droplet  behaviour  during  the 
evaporation  or  condensation  process. 
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Fig.  1 1 .  Schematical  view  of  the  experimental  setup.  The 
symbols  are  explained  in  the  text. 

The  optical  set-up  used  in  the  experiments  of  the  present 
paper  is  shown  in  Fig.  1 1 .  The  rate  of  radius  change  of  a 
droplet  corresponding  to  the  evaporation  rate  or  condensation 
rate  can  be  determined  in  evaluating  the  temporal  evolution  of 
the  droplet  position  relative  to  the  focus  of  the  levitating  laser 
beam.  This  is  due  to  the  fact  that  a  droplet  with  decreasing  or 
increasing  radius  performs  an  ocsillatory  motion  along  the  axis 
of  the  laser  beam  due  to  the  oscillatory  dependence  of  the  light 
pressure  forces  on  the  droplet  radius  as  described  in  the 
previous  chapter.  Light  scattered  at  an  angle  of  90°  is  focussed 
by  lens  L  on  the  surface  of  the  position  sensing  detector  PSDl . 
The  output  signal  of  this  PSD  is  proportional  to  the  first 
moment  of  the  light  distribution  on  the  sensor  surface  and  is 
therefore  proportional  to  the  position  of  the  light  spot  on  the 
sensor,  which  of  course  corresponds  to  the  position  of  the 
droplet.  The  optical  setup  is  designed  to  allow  the 
determination  of  even  small  changes  of  the  droplet  position. 
An  evaporating  droplet  levitated  in  a  laser  beam  performs 
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Fig.  12.  Output  signal  as  a  function  of  time  t  of  the 
PSDl.  which  represents  the  vettikal  droplet 
position. 
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Fig.  13.  Output  signal  as  a  function  of  time  T  of  the 
PSD2.  which  represents  the  position  of  the  first 
rainbow. 

oscillatory  motions.  These  oscillations  are  detected  with  PSDl 
and  recorded  by  a  transient  recorder.  An  example  of  a  record 
from  an  evaporating  pentadecane  droplet  is  shown  in  Fig.  12. 
There  the  output  signal  of  PSDl  is  plotted  versus  time.  The 
calculations  described  in  the  previous  chapter  showed  that  to 
some  extend  the  period  length  of  the  oscillations  of  the 
radiation  pressure  as  a  function  of  radius  are  independent  of 
the  droplet  radius  and  the  refractive  index.  Therefore  the 
change  of  droplet  radius  with  time  dr/di  of  a  levitated  droplet 
can  be  determined  by  evaluating  a  temporal  evolution  of  the 
droplet  position. 

In  order  to  determine  the  real  part  of  the  refractive  index 
the  angular  position  of  the  first  rainbow  has  to  be  recorded  as 
described  i.e.  by  Roth  et.  al.  (1991,1993).  In  the  experiments 
of  the  present  paper  the  optical  arrangement  was  designed  that 
the  rainbow  position  recorded  is  not  influenced  by  changes  of 
the  positon  of  the  droplet  in  the  laser  beam.  The  light  scattered 
in  the  rainbow  region  was  imaged  by  the  cylindrical  lens  ZL 
on  the  surface  of  the  position  sensing  detector  PSD2  positioned 
in  the  focal  plane  of  the  lens.  In  this  case  the  cylindrical  lens 
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Fig.  14.  Temporal  evolution  of  the  frequncy  /,  of  the  oscil¬ 
lations  of  the  droplet  position.  This  result  has  been 
obtained  from  the  data  shown  in  Fig.  1 2. 
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Fig.  15.  Temporal  evolution  of  the  frequncy  f„  of  the 
oscillations  of  the  angular  position  of  the  first 
rainbow.  This  result  has  been  obtained  from  the 
data  shown  in  Fig.  13. 

performs  an  optical  Fourier  transform  of  the  scattered  light; 
only  changes  in  the  angular  intensity  distributions  of  the 
scanered  light  result  in  changes  of  the  light  distribution  on  the 
sensor  surface.  The  application  of  a  PSD  to  measure  rainbow 
positions  was  described  by  Roth  et.  al.  (1993)  for 
monodisperse  droplet  streams.  In  the  present  paper  the 
temporal  evolution  of  the  rainbow  position  for  an  individual 
droplet  has  been  examined  in  detail.  The  output  signal  of  PSD2 
which  detects  the  rainbow  position  is  shown  in  Fig.  13.  This 
signal  has  been  obtained  for  the  same  pentadecane  droplet 
whose  position  in  the  laser  beam  is  shown  in  Fig.  12. 

Comparing  Fig.  12  and  Fig.  13  one  can  see,  that  the 
rainbow  position  shows  peak  values  occuring  with  the  same 
frequency  as  the  oscillations  of  the  droplet  position,  the 
characteristic  of  the  signal  however  is  quiet  different  at  this 
particular  refractive  index.  Theoretical  calculations  with  high 
resolution  in  radius  of  the  rainbow  position  applying  the 
correlation  algorithm  show  the  same  behaviour.  This  can  be 


clearly  seen  by  comparing  Fig.  13  with  Rg.  4.  By  carefully 
examining  the  slope  between  the  peaks  one  can  immediately 
recognize  that  the  droplet  is  evaporating  rather  than  growing  in 
this  case. 

In  order  to  get  information  on  the  temporal  change  of 
droplet  radius  dr/dx,  which  conesponds  to  the  evaporation  or 
condensation  rate  of  the  droplet,  frequencies  of  the  oscillatory 
motion  of  the  droplet  or  of  the  oscillations  of  the  rainbow 
position  have  to  be  determined.  This  can  be  done  by  applying 
the  FFT-procedure  described  in  chapter  2.3  to  the  experimental 
results  shown  in  Fig.  12  and  in  Fig  13.  Results  of  the  FFT 
procedure  are  shown  in  Fig.  14  and  in  Fig.  15.  As  expected  the 
frequencies  and  their  temporal  evolution  Obtained  for  the 
oscillatory  motion  shown  in  Fig.  14  are  the  same  as  those 
obtained  for  the  rainbow  positions  denoted  by  and  shown  in 
Fig.  14.  Only  minor  deviations  can  be  seen.  These  can  be 
explained  by  poor  signal  quality,  for  example  low  amplitude, 
of  the  input  signal.  Applying  Eq.  (1)  the  rate  dr/dx  as  a 
function  of  time  can  be  determined  immediately.  A  slight 
decrease  of  the  frequencies  and  therefore  for  the  rate  of  radius 
change  with  increasing  time  can  be  observed  in  both  figures. 
This  can  be  explained  by  an  increasing  vapour  pressure  of 
pentadecane  in  the  observation  chamber  in  this  particular 
experiment. 

4  CONCLUSIONS 

In  the  present  paper  it  has  been  shown  that  the  rainbow 
signal  can  be  used  to  examine  the  rate  of  change  of  droplet 
radius,  corresponding  to  the  evaporation  or  condensation  rate. 
It  has  been  shown  that  combining  this  technique  with 
techniques  described  in  previous  papers  allows  to  determine 
size,  refractive  index,  and  eviration  or  condensation  rate 
from  the  intensity  distribution  in  the  rainbow  region.  This 
gives  the  possibility  to  study  droplets  consisting  of  binary 
mixtures.  The  transient  behaviour  of  the  evaporation  process  of 
mixtures  can  be  examined  by  recording  the  angular  rainbow 
position,  which  is  a  measure  for  the  refractive  index  and 
therefore  for  the  temperature  and  composition,  and  by 
recording  the  periodic  peaks,  which  are  a  measure  for  the 
change  of  radius  of  the  droplet.  Furthermore  it  has  been  shown 
theoretically  and  experimentally  that  there  is  a  direct  relation 
between  fluctuations  of  the  radiation  pressure  and  fluctuations 
in  the  rainbow  position  and  that  the  period  of  these  fluctuations 
is  in  a  wide  range  practically  independent  of  droplet  size  and 
refractive  index. 
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Abstract 

A  standard  pbase-Doppler  system  was  modified  to  detennine  the 
feasibility  of  refractive  index  measurements  utilizing  new  optical 
techniques.  With  the  use  of  two  laser  beam  systems  of  different 
wavelength  and  a  single  receiving  unit  different  optical  configura¬ 
tions  can  be  explored  by  varying  the  scattering,  elevation  and 
crossing  angles  indepen^tly  for  each  system.  The  index  of 
refraction  of  a  droplet  can  be  extracted  from  the  phase-shift  ratio  of 
two  distinct  pairs  of  apertures.  Selecting  the  proper  optical  parame¬ 
ters  yidds  a  sensitive  relationship  behaven  ph^  ratio  and  r^ctive 
index. 

For  measurements  an  LDA  configuration  with  two  transmitting 
optics  was  chosen  because  of  its  widespread  use  and  standard 
components.  The  two  probes  were  situated  40*  relative  to  each 
other.  This  was  done  to  maximize  the  relationship  between  the  ratio 
of  phase  shifts  and  the  refractive  index.  Tests  were  conducted  on 
water-glucose  mixtures  with  varying  refractive  index. 

1  Introduction 

The  fundamental  concept  behind  Phase-Doppler  Anemometry 
(PDA)  is  that  for  carefully  selected  scattering  angles  a  linear 
relationship  can  be  derived  between  the  phase  shift  of  a  particle 
measured  as  it  passes  through  an  LDA  measurement  volume  and  its 
size.  This  relationship  holds  for  so  long  as  certain  restrictions  are 
enfrxoed  (i.e.,  size  range  of  particles  relative  to  LDA  probe  vdume, 
dominant  scattering  mode,  polarization)  and  that  the  physical 
properties  of  the  system  should  remain  constant  (  i.e.,  refr^ve 
ind^  wavder^  of  light).  In  multiphase  flows  and  in  sprays  where 
varying  temperature  environments  are  experienced,  as  in  combus- 
ticn,  the  refractive  index  of  droplets  can  clearly  vary.  This  variation 
within  the  normal  PDA  operation  can  add  bias  to  measurements. 
Several  methods  have  bem  developed  to  extend  the  operation  of 
PDA  to  include  the  measurement  of  refractive  index  with  some 
success.  A  two-receiver  configuration  explored  by  Pitcher  el  al.  [I] 
andNiM)wie(a/.  [2]  allude  to  this.  The  strength  of  their  method  lies 
in  that  the  dependoKe  of  the  phase  shift  on  refractive  index  varies 
more  in  the  near  finward  off-axis  regions  than  in  the  far  off-axis 
regions.  Ahemativeiy,  Sankar  et  al.  [3]  utilized  the  clear  dependence 
of  the  rainbow  angle  with  refractive  index  in  another  instrument 
oan%iiation.  This  technique,  however,  is  complex  and  as  indicated 
by  tile  authors  the  system  is  sensitive  to  high  frequent  oscillations. 
An  appealing  side  to  refractive  index  measurement  is  the  ability  to 


confirm  dififerent  particle  types  within  the  sariK  particle  distribution. 
A  persistent  problem  is  the  existence  of  multiple  modes  of  light 
scattering  in  sprays.  Droplets  can  reflect  as  well  as  refract  and 
therefore  present  a  problem  when  calculating  spray  stati^ics.  In  the 
standard  PDA  implementation  there  is  a  region  of  overlap  as 
indicated  in  Nonn  et  al.  [4]  between  reflecting  and  refracting 
particles  that  lead  to  ambiguity  of  some  results.  Having  additkmal 
optical  information  can  perhaps  help  resolve  this  issue. 

2  Theory 

The  implementation  of  [I]  utilizes  the  fact  that  the  Doppler-phase  is 
a  linear  function  of  diameter  and  that  the  refractive  index  is  con¬ 
tained  within  the  proportionality  constant  for  first  and  higher  orders 
of  refraction.  This  means  that  the  ratio  of  two  phases  will  be 
independent  of  diameter  and  only  dependent  on  the  refractive  index 
of  the  particle  and  the  parameters  that  describe  the  optical  configura¬ 
tion.  The  measurement  was  accomplished  by  using  two  receivers 
positioned  at  two  different  scattering  angles.  The  angles  were  chosen 


Figure  1.  Definition  of  beam  crossing  angle  a,  scattering 
angle  6  and  elevation  angle  i|r 

Thb  ^slem  is  equivdant  to  one  udiere  there  are  two  laser  beam 
systems,  for  example  green  and  blue,  and  a  single  receiver.  The  light 
received  from  this  system  can  then  be  subsequently  sqraiated  and 
analyzed.  The  advantage  of  this  system  is  that  the  three  apertures  of 
the  receiver  can  be  used  for  bc^  laser  systems.  In  Figure  1,  the 
reference  coordinate  system  for  the  green  beam  system  is  shown.  If 
we  superimpoae  die  blue  ^em  and  rotate  it  about  the  x-axis  we  get 


a  system  that  is  equivalent  to  the  system  suggested  by  [1].  The 
advantage  of  this  method  is  that  one  can  change  the  elevation  angle 
and  scattering  of  one  beam  system  independently.  The  purpose  in  all 
this  is  to  maximize  the  change  in  the  phase  ratio. 

Rotating  the  blue  system  around  the  z-a.\is  in  the  refer¬ 
ence  system  has  the  effect  of  placing  the  receiving  unit  at  a 
difierent  elevation  angle.  The  standard  PDA  sy'stem  contains 
three  receiving  apertures.  In  the  new  system  there  are  three 
pairs  of  angularly  placed  apertures.  The  index  of  refraction 
can  be  detennined  from  the  ratio  between  the  same  two 
aperture  pairs  for  the  different  beam  systems.  Having  addi- 
ticmal  apemires  also  means  having  mere  calibration  curves  for 
the  determination  of  refractive  index,  hence  data  can  be 
verified  with  different  combinations. 

The  following  section  will  describe  the  selection  of 
iqipropriate  values  for  parameters  to  maximize  measurement 
of  the  refractive  index.  To  produce  a  sensitive  calibration 
curv'e  for  the  refractive  index  the  phase  shifts  of  one  of  the 
systems  must  change  more  rapidly.  The  correct  choice  for 
optical  parameters  can  be  seen  in  the  Table  1 .  Of  the  parame¬ 
ters  listed  the  elevation  angle  is  the  most  sensitive  with 
respect  to  the  phase  of  the  Dq^pler  signal  and  the  wavelength 
the  least. 


Rapidly  varying 
Doppler  phase 

Slowly  varying 
Doppler  phase 

Wavelength  X 

small  (blue) 

large  (green) 

Scattering  angle  0 

small 

large 

Crossing  angle  a 

large 

small 

Elevation  angle  <li 

l2£S« _ 

small 

Table  1 .  Optimum  selection  of  optical  parameters. 

The  overall  dynamic  range  and  resolution  can  be  improved  by 
selecting  the  appropriate  calibration  curve  from  the  two  beam 
system. 
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Figure  2.  Lorenz-Mie  based  iso-phase  plot  as  a  function  of 
scattering  angle  and  index  of  re  fraction. 

One  gets  an  idea  how  the  Doppler-phase  varies  with  elevation 


angle,  scattering  angle  and  the  refractive  index  from  the  iso-plots  in 
Figures  2  and  3.  The  plots  are  calculated  for  a  standard  PDA  s)'stem 
witha  crossing  angle  (a.  Fig.  1)  of  12.52°,  parallel  polarization  and 
partide  sizeof  12  /jm  using  Lorenz-Mie  theory.  The  Doppler  signal 
is  integrated  over  the  PDA  aperture.  The  scattering  angle  in  the 
elevation  plot  is  30*. 

From  Figure  2  it  can  be  seen  that  the  Doppler  phase  exhibits 
more  complicated  behavior  for  die  back  scatter  region,  as  is  expected. 
One  could  imagine  using  the  second-order  refraction  to  measure  in 
regions  where  the  index  of  refiaction  varies  little.  In  the  near  forward 
region  the  Doppler-phase  varies  rapidly,  reaching  a  maximum 
change  at  20°.  As  we  increase  scattering  angle  the  sensitivities 
decreases.  Around  a  scattering  angle  of  70°  refraction  stills  domi¬ 
nates  but  the  sensitivity  is  small.  It  can  be  also  be  inferred  from  the 
plots  that  the  Doppler-phase  is  more  sensitive  to  changes  of  elevation 
angle  then  scattering  angle. 

CB*l*ur  *1*1  0f  Ika  ekoit 


Figure  3.  Lorenz-Mie  iso-phase  plot  as  a  function  of 
elevation  angle  and  refractive  index.  Scattering  angle  30°. 

3  Experimental  Layout 

As  indicated  earlier  a  standtfrd  Dantec  LDA  ^stem  was  used 
as  the  test  bed  for  refractive  index  measurement.  To  allow  for 
these  measurements  the  standard  57X10  PDA  Receiving 
Optics  was  modified  with  three  55X35  color  separators.  The 
five  photomultipliers  were  connected  to  the  color  separators 
and  routed  to  a  modified  Dantec  58N10  PDA  signal  proces¬ 
sor. 

The  optical  layout  of  the  present  eiqieriment  consisted  of 
the  two  FiberFlow  probes  (green  and  blue)  situated  at  two 
scattering  angles  to  the  receiver,  as  in  Figure  4.  The  green  and 
blue  ^stem  were  placed  40°  with  respect  to  each  other,  thus 
making  the  efiective  scattering  angle  with  the  receiver  for  the 
blue  and  green  ^ems  30°  and  70°,  respectively.  The  focal 
lengths  fertile  transmitting  probes  were  400  nun,  with  a  beam 
separation  40  nun,  creating  a  probe  volume  of  diameter  260 
um.  The  receiver  used  had  a  focal  length  of  310  nun. 

In  the  standard  PDA  arrangement  three  phase  detectors 
are  used  to  measure  the  phase  differences  between  three 
apertures.  An  additional  phase  detector  was  emplt^ed  to 
measure  the  phase  shift  frem  one  pair  of  the  apertures  of  the 
blue  beam  system.  More  detectors  could  be  employed,  up  to 
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sLv.  tomake  a  more  robust  validation.  An  advantage  of  using 
two  colors  is  that  the  intensity  of  the  beams  can  be  varied 
independently  relative  to  the  receiver.  This  is  useitil  since  the 
intensity  can  vary  considerably  as  one  goes  from  the  near 
forward  to  side  scatter. 

To  ensure  proper  measurements  coincidence  between  the 
two  pairs  of  beams  is  paramount.  However,  since  this 
configuration  also  allows  for  3-D  velocity  measurements,  this 
requirement  would  anyway  have  to  be  fulfilled.  Alignment 
was  accomplished  by  first  using  a  100  /.^m  pinhole,  optimiz¬ 
ing,  and  then  repeating  the  procedure  with  a  SO  pinhole. 
The  pinholes  by  themselves  were  not  sufficient  to  guarantee 
coincidence,  therefore,  to  ma.\imize  overlap  of  the  probe 
volumes  a  light  sensing  diode  was  placed  behind  the  50  turn 
pinhole  and  the  beams  mampulated  until  the  ma.\imum  beam 
power  was  attained  at  the  crossing.  The  slightest  deviation  in 
the  alignment  had  the  effect  of  making  the  refractive  index 
measurements  unusable.  In  order  to  get  a  valid  measurement 
the  phases  measured  from  the  separate  beam  sy  stems  must 
coire^nd  to  the  same  particle.  Thus,  this  method  makes  an 
excellent  test  of  coincidence  for  3D  LDA  s}'stems. 


30°  and  70°  with  respect  to  the  receiver. 

The  test  particles  were  spray  droplets  made  fixrni  solu¬ 
tions  of  water  with  varying  amounts  of  dissolved  glucose.  By 
adding  incremental  amounts  by  weight  of  solid  glucose  into 
distilled  water  one  can  change  the  refractive  index.  The 
uncertainty  in  the  measurement  of  glucose  dissolved  was 
limited  to  within  0.0 1  %. 

Figure  S  illustrates  the  system  calibration  curve  for  a  1 1 .9 
tjm  and  12.S  ^aa  particle.  The  curve  is  based  on  the  UI-2 


phase  shift  ratio  for  the  green  and  blue  systems.  It  must  be 
emphasized  that  the  Lorenz-Mie  calculations  for  refractive 
index  are  size  dependent,  that  is,  each  particle  size  has  its  own 
characteristic  oscillation.  For  small  particles  the  oscillations 
are  more  praxiunced  than  for  larger  particles.  It  was  stressed 
in  [  1 ,2]  that  such  oscillatory  behavior  in  small  particles  would 
make  refiactive  index  measurement  difficult  if  not  impossible. 
A  very  small  spread  of  particle  size  will  effectively  randomize 
the  phase  oscillation  and  average  the  index  measurement.  The 
result  will  then  coincide  with  the  geometric  optics  calibration 
curve.  To  test  the  robustness  of  this  setup  a  spray  w'as 
measured  having  an  effective  size  distribution  of  2-30  It 
is  thought,  that  a  distribution  of  particles  over  a  range  of  sizes 
would  tend  to  average  out  the  effect  of  the  oscillations. 


Figure  5.  Comparison  of  Lorenz-Mie  and  refinction 
calibration  curve  for  different  refractive  indexes.  Particle 
diameters  were  1 1.9  ^m  and  12.S  uni. 

4  Measurements  '  ' 

Measurements  were  made  using  water  droplets  issued  fix>m  an 
airbrush  mixed  with  glupose  in  controlled  proportions  to  vary 
the  refractive  index.  At  20  °C  water  exhibits  a  refitictive 
index  oi  1 .334.  Adding  by  percent  weight  glucose  from  0.5% 
up  to  60  %irxreases  the  refractive  index  fixxn  1.337  to  1.439 
[5].  Figure  6  displays  a  typical  run  with  the  characteristic 
poJc  indicating  the  dominant  phase  ratio,  corresponding  to  the 
refractive  index  measured. 

The  accuracy  of  the  measurements  over  the  range  of 
refractive  indices  tested  are  listed  in  table  2  and  displayed  in 
Figure  7.  The  maximum  error  in  the  measurement  of  refrac¬ 
tive  index  was  under  2  %.  Considering  the  difficulties  irr^lied 
by  the  scattering  relations  and  alignment  of  the  system  t^  is 
a  positive  result  Though  it  was  not  attempted  in  these  tests, 
an  improvonent  to  the  sensitivity  could  be  accomplished  by 
choosing  an  alternate  phase  ratio;  i.e.,  the  ratio  b^een  the 
Ul-3  and  Ul-2  for  the  two  systems.  Alternatively,  the 
elevation  angle  and/or  the  crossing  angle  in  one  of  ffie  two 
systems  can  be  changed. 
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5  Concluiion 


Ratio  of  phase  shifts. 


Figure  6.  Histogram  of  phase  shift  ratio  using  glucose  40  % 
by  weight. 


Figure  7.  Measured  and  estimated  refi-active  index  as  a 
ftmction  of  %  weight  glucose. 


%  weight  Calculated  Measured  Deviation 

glucose  index _ index _ (%) 


0 

1.334 

1.3167 

1.2964 

10 

1.3477 

1.353 

0.395 

20 

1.3635 

1.3876 

1.7683 

40 

1.3986 

1.4222 

1.687 

52 

1.4222 

1.4394 

1.216 

In  this  paper  we  have  described  a  new  method  for  measuring 
the  relative  refi'active  index.  This  technique  has  several 
advantages  in  that  there  are  many  possible  permutations  of  the 
optical  configuration.  That  is,  the  elevation  angle,  scattering 
angle  and  crossing  angles  can  be  selected  indq>endently  for 
each  beam  s>'stem.  This  means  that  the  phase  ratio  can  be 
made  more  sensitive  to  the  index  of  refiaction. 

The  implementation  in  this  paper  shows  that  a  standard 
PDA  s>’stem  can  be  easily  extended  to  include  the  measure¬ 
ment  of  refractive  index.  Measurements  were  made  uith 
spraj's  consisting  of  droplets  of  substances  with  varying  index 
of  refraction.  The  accuracy  on  average  was  within  2  %  of  the 
estimated  value  determined  frcan  geometrical  optics.  Further¬ 
more,  the  refractive  ratios  that  are  measured  are  excellent 
indicators  of  coincidence  between  the  beam  systems. 

The  study  is  preliminary  and  it  is  hoped  that  in  future 
more  work  will  be  done  to  develop  this  technique  and 
applying  it  to  practical  situations. 
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Abstract 

The  principle  of  the  Dual  Burst  Technique  (DBT) 
based  on  phase-Doppler  Anemometry  (PDA)  is  pro¬ 
posed  for  simultaneous  particle  refractive  index,  size 
and  velocity  measurements.  This  technique  uses  the 
trajectory  effects  in  PDA  systems  to  separate  the  two 
contributions  of  the  different  scattering  processes.  In 
the  case  of  forward  scattering  and  refracting  particles, 
it  is  shown  that  from  the  phase  of  the  reflected  contri¬ 
bution,  the  particle  dismeter  esm  be  deduced,  whereas 
from  the  phase  of  the  refracted  contribution  the  par¬ 
ticle  refractive  index  and  velocity  can  be  obtained. 
Simulations  based  on  generalized  Lorenz-Mie  theory 
and  experimental  tests  using  monodispersed  droplets 
of  different  refractive  indices  have  validated  this  tech¬ 
nique. 

1  Introduction 

Phase-Doppler  Anemometry  is  now  a  well  estab¬ 
lished  particle  sizing  technique  in  laboratories  and  in¬ 
dustries  for  studying  two-phase  ''.ows  and  sprays.  It 
can  provide  a  particle  size  distribution  correlated  with 
up  to  three  particle  velocity  components,  with  a  high 
resolution  in  time  2uid  in  space,  without  being  intru¬ 
sive.  The  principle,  which  is  now  about  20  years  old 
(Durst  and  Zare  (1975),  Bachzdo  and  Houser  (1984), 
Saffmem  et  al.  (1984)),  is  that  when  a  particle  is 
passing  through  an  optical  measuring  volume  defined 
by  the  intersection  of  two  laser  beams,  the  phase  of 
the  light  scattered  by  the  particle  carries  information 
about  the  particle  diameter,  whereas  its  frequency  pro¬ 
vides  information  about  its  velocity. 

To  collect  scattered  light,  a  scattering  angle  should 
be  chosen  to  ensure  that  the  phase-diameter  relation¬ 
ship  for  each  detector  pair  is  linear.  This  condition 
can  be  obtained  when  the  detectors  collect  light  scat¬ 
tered  by  the  particle  mainly  due  to  a  single  scattering 
process,  i.e.  reflection,  refraction,  or  2nd  order  refrac¬ 
tion.  It  is  well  known  that  the  scattering  angle  must 


be  carefully  chosen  according  to  the  particle  refractive 
index. 

As  many  experimental  investigations  in  the  field  of 
two-phase  flow,  multiphase  flow  and  combustion  re¬ 
quire  simultaneous  measurements  of  individual  par¬ 
ticle  size,  velocity  and  also  refractive  index,  several 
systems,  based  on  the  phase-Doppler  technique,  have 
been  proposed  (Naqwi  et  al.  (1991),  Sankar  et  al. 
(1993)).  Because  of  the  argument  in  the  last  para¬ 
graph,  these  system  may  not  suitable  for  a  large  mear 
suring  range  of  particle  refractive  indices.  When  mea¬ 
surements  are  performed  in  a  complex  flow  field  e.g. 
in  sprays,  the  influence  of  IVajectory  Effects  (TE) 
(Sankar  et  al.  1992,  Grdhan  et  al.  (1992),  Onofri  et 
al.  (1992))  on  refractive  index  measurements  has  to  be 
considered.  Furthermore,  these  systems  require  extra 
receiving  units  for  the  refractive  index  measurements, 
which  increases  alignment  requirements  and  costs. 

Based  on  previous  works  to  eliminate  TE  in  PDA 
systems  by  Aizu  et  al.  (1993),  Xu  and  TVopea  (1994), 
Tropea  et  al.  (1994)  and  Grehan  et  al.  (1994),  an  in¬ 
novative  PDA  technique,  called  the  Dual  Burst  Tech¬ 
nique  (DBT),  is  proposed  in  this  paper  for  refractive 
index  measurements,  in  addition  to  particle  size  and 
velocity  measurements,  using  a  single  receiving  unit. 
An  obvious  advantage  of  the  technique  is  that  it  can 
be  easily  applied  to  an  existing  PDA,  with  only  mini¬ 
mum  modifications. 

In  this  paper,  after  a  short  review  of  the  newly 
proposed  technique  for  TE  elimination,  the  principle 
of  DBT  is  introduced  in  section  2.  Section  3  presents 
some  simulation  results  using  a  phase-Doppler  code 
based  on  the  Generalized  Lorenz-Mie  Theory  (GLMT) 
(see  Gouesbet  et  al.  (1991),  Grehan  et  al.  (1991))  zuid 
section  4  gives  some  useful  formulae  from  Geometrical 
Optics.  Section  5  reports  the  preliminary  experimen¬ 
tal  results  of  DBT.  In  section  6  these  experimental 
results  are  further  discussed  and  points  for  the  future 
development  of  DBT  are  proposed.  Finally,  section  7 
is  a  conclusion  with  perspectives. 
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2  Principle 

2.1  TE  elimination 

Recently  two  PDA  optical  geometries  and  a  sig¬ 
nal  processing  procedure  have  been  proposed  for  TE 
elimination.  The  first  geometry  is  a  Planar- PDA  ar¬ 
rangement  (Aizu  et  al.  (1993)),  and  the  second  one 
has  been  referred  to  as  the  Modified  Standard  geom¬ 
etry  (Xu  and  Tropea  (1994),  TVopea  et  al.  (1994), 
Grehan  et  al.  (1994)).  The  principle  used  in  these  ge¬ 
ometries  to  eliminate  TE  is  briefly  reviewed  as  a  basis 
for  introducing  DBT. 

Referring  to  Fig.l,  the  scattering  of  a  laser  beam 
with  a  Gaussian  intensity  distribution  from  a  relatively 
large  particle  is  pictured.  In  this  and  for  further  dis¬ 
cussions,  scattering  in  the  forward  direction  and  re¬ 
fractive  dominated  scattering  is  considered.  Since  the 
scattering  angle  usually  exceeds  20°,  diffraction  can  be 
neglected. 
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Figure  1:  Simplified  scaUering  processes  of  a  refractive 
particle  in  forward  scattering,  out  of  the  diffraction 
zone. 

In  a  standard  PDA  arrangement,  the  scattering  an¬ 
gle  is  chosen  such  that  the  refractive  component  dom¬ 
inates.  Depending  on  the  trajectory  however,  the  in¬ 
cident  light  for  reflection  may  greatly  exceed  that  for 
refraction  due  to  the  Gaussian  intensity  profile  I(y), 
thus  altering  the  received  phase.  This  is  the  cause  of 
the  TE.  As  shown  in  Fig.  1,  for  a  given  receiving  angle 
the  point  of  the  incident  light  impinging  on  the  parti¬ 
cle  for  the  reflection  (j/o)  is  different  from  the  point  of 
that  for  the  refraction  (j/i).  Therefore  when  the  parti¬ 
cle  passes  through  the  probe  volume  along  y-axis,  there 
will  be  a  time  delay  between  the  intensity  maxima  of 
the  reflected  ray  and  the  refracted  ray.  In  the  pro¬ 
posals  to  eliminate  the  TE,  this  time  delay  is  used  to 
separate  the  refracted  contribution  from  the  reflected 
contribution.  Moreover,  the  signal  received  from  the 
refractive  scattering  is  much  larger  in  amplitude,  al¬ 
lowing  a  positioning  within  the  burst  to  insure  phase 
determination  corresponding  to  refractive  scattering. 

The  experimental  illustration  of  this  effect  in  the 
PDA  technique  has  been  first  used  and  reported  by 


Aizu  et  al.  (1993),  and  afterwards  by  Xu  and  Tropea 
(1994).  Hess  and  Wood  (1992),  (1993)  have  also  used 
this  effect  in  their  Pulse  Displacement  Technique,  us¬ 
ing  a  thin  laser  sheet  to  estimate  the  particle  diameter 
from  the  measurement  of  the  time  delay  between  the 
two  intensity  maxima  from  reflection  and  refraction. 

2.2  Dual  Burst  Technique 

In  previous  work  on  PDA,  this  time  delay  in  the 
different  scattering  process  contributions  reaching  the 
detectors  was  used  only  to  suppress  TE  by  process¬ 
ing  the  portion  of  the  burst  originating  from  refractive 
scattering.  However,  further  informations  can  be  ex¬ 
tracted  by  using  all  portions  of  the  signal.  Of  the  two 
scattering  contributions,  i.e.  reflection  (p=0)  and  re¬ 
fraction  (p=l),  only  the  refracted  light  is  influenced  by 
the  material  properties  of  the  particle.  The  basic  idea 
of  the  Dual  Burst  Technique  (DBT)  is  therefore  to  use 
ail  the  phase  information  contained  in  the  signal  bursts 
for  particle  material  recognition  and  particle  diagnoses 
(non  homogeneity,  non  sphericity).  The  present  paper 
is  devoted  mainly  to  study  the  feasibility  of  the  former 
and  the  latter  will  only  be  briefly  discussed. 

The  principle  of  DBT  for  particle  material  recogni¬ 
tion  can  be  given  as  follows.  The  phase  of  the  refracted 
light  from  a  particle  is  a  function  of  optical  setup,  par¬ 
ticle  size  and  particle  refractive  index.  The  phase  of 
the  reflected  light  is,  however,  only  a  function  of  op¬ 
tical  setup  and  particle  size,  not  particle  refractive  in¬ 
dex.  From  the  reflected  burst,  the  puticle  diameter 
can  be  deduced.  Knowing  this  diameter  and  the  opti¬ 
cal  parameters  of  the  PDA,  the  particle  refractive  in¬ 
dex  can  be  determined  from  the  phase  of  the  refracted 
burst. 

To  use  DBT,  the  beam  waist  diameter  must  be  re¬ 
duced  compared  to  typical  values  in  PDA,  in  order 
to  increase  the  time  delay  between  the  reflected  and 
refracted  contributions.  Indeed,  for  a  dominant  re¬ 
fractive  p2urticle  the  reflected  contribution  is  very  low 
compared  to  the  refracted  contribution.  Therefore  any 
mixing  between  the  two  scattering  processes  must  be 
avoided.  Furthermore,  with  a  smaller  measuring  vol¬ 
ume,  the  laser  power  is  focussed  on  a  smaller  area, 
which  also  increases  the  SNR  of  the  reflected  contri¬ 
bution. 

3  GLMT  Simulations 

Numerical  simulations,  using  a  phase-Doppler  code 
based  on  GLMT,  have  been  carried  out  to  investigate 
DBT.  Water  droplets  were  assumed  to  pass  through  a 
54/xm  measurement  volume  (A  =  .6328/im)  of  a  Mod¬ 
ified  Standard  PDA  with  two  detectors  (see  Fig.  2). 
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The  off-axis  angle,  the  elevation  angles  and  the  half¬ 
beam  angle  are  defined  by  \j)' ,  a,  and  were  equal 
to  30®,  ±3.69®,  1.7®  respectively.  The  receiving  aper¬ 
ture  shape  was  rectangular,  with  an  angular  aperture 
defined  by  6x  =  ±0.277®,  6y  =  ±2.77®. 


Figure  2;  Optical  geometry  of  a  Modified  Standard 
PDA  for  implementing  DBT. 

Fig.3a)  displays  the  simulated  phases  when  the 
droplets  are  moving  along  (OY),  whereas  Fig.3b)  dis¬ 
plays  the  corresponding  signal  intensity. 
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Figure  3;  Dual  Burst  Technique:  Simulated  a)  Phase 
difference  and  b)  Signal  intensity  versus  droplet  y- 
location  and  diameter.  Measuring  volume  diameter 
=  bAfim,  off-axis  angle  <i>  =  30®,  refractive  index 
m  =  1.333. 

Both  in  Fig.3a)  and  Fig.Sb),  the  two  scattering  pro¬ 
cesses  (p  =  0  for  1/  <  0,  p  =  1  for  y  >  0)  are  evident, 
characterized  in  Fig.3a)  by  a  flat  behavior  of  the  phase 
evolution,  and  in  Fig. 3b)  by  local  maxima  for  signal 
intensity.  For  a  108pm  water  droplet  for  instance, 
two  intensity  maxima  located  at  y  «  -50  pm  and 


y  %  40  pm  can  be  distinguished.  These  two  locations 
of  intensity  maxima  correspond  to  two  phase  values  in 
the  two  flat  parts  of  the  phase  diagrams:  ^  270  deg 
and  ft!  1  deg.  Using  these  two  phases  and  relations 
from  Geometrical  Optics  (see  next  section),  the  par¬ 
ticle  diameter  and  refractive  index  are  determined  as 
107.7pm  and  1.333,  respectively.  The  time  delay,  ex¬ 
pressed  here  as  a  space  delay  between  the  maxima, 
decreases  with  the  particle  diameter.  For  the  27pm 
droplet,  the  two  scattering  processes  are  not  well  sep¬ 
arated,  i.e.,  the  first  intensity  maximum  is  not  clear. 
Furthermore,  the  phase  difference  continues  to  evolve 
in  the  “reflected  signal”  (as  for  the  TE),  demonstrating 
that  there  is  a  mixing  of  the  scattered  contributions. 
The  diameter /refractive  index  deduced  as  above  for 
the  27pm,  54pm  and  162pm  water  droplets  are  respec¬ 
tively  24.5pm/ 1 .30, 53.9pm/ 1 .328  and  159.9pm/ 1 .330. 

Fig.4  displays  the  evolution  of  the  signal  inten¬ 
sity  and  the  simulated  phase  difference  for  the  54pm 
droplet  when  its  trajectory  is  still  parallel  to  the  fringes 
as  in  Fig.  3  but  at  different  z-locations.  In  the  phase 
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Figure  4:  DBT  is  free  of  TE:  Simulated  a)  Phase 
difference  and  b)  Signal  intensity  versus  droplet  y- 
location  for  different  x-locations.  Droplet  diameter 
Dp  =  bAfim,  refractive  index  m  =  1.333,  PDA  setup 
is  identical  to  Fig.  S. 

patterns,  only  the  mixing  region  evolves  with  the  par¬ 
ticle  trajectory  distance  from  the  probe  volume  center. 
The  two  flat  peirts  are  independent  of  the  particle  tra¬ 
jectory,  i.e.,  DBT  is  free  of  TE. 

4  Analytical  Expressions  from 
Geometrical  Optics 

In  the  current  study  of  DBT,  Geometrical  Optics 
was  used  to  determine  the  particle  diameter  and  refrac- 
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live  index,  because  it  provides  analytical  expressions 
in  a  simple  form.  In  future  it  is  possible  to  use  look-up 
tables  based  on  GLMT  for  a  more  accurate  prediction. 

According  to  Naqwi  et  al.  (1991),  the  phase  con¬ 
version  factors  for  reflected  light  (Cq)  and  for  refracted 
light  (C{)  can  be  expressed  for  a  point  detector  as  a 
function  of  off-axis  angle  ^  and  elevation  V’* : 


Cl  = 


Ci  = 

with 


\/2(l-6‘) 


m  a 


yj2{\ ->r  6')[1  +  m2  -  m  y^(l  6‘)] 


(1) 

(2) 
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(3) 


a'  —  isin(a)sin(^*) 

6’  =  cos(a)cos(^li‘)cos(^) 

where  »  =  1,2  stands  for  the  detector  considered,  and 
k  for  the  wave  number.  For  phase-difference  measure¬ 
ments,  the  useful  parameters  are  (with  p  =  0,  1) 


(4) 


When  a  particle  is  p2issing  through  the  measuring  vol¬ 
ume,  from  the  detectors  Dl  and  D2  we  get  the  phase 
difference  from  the  maximum  of  the  reflected  part 

of  the  corresponding  burst,  and  the  phase  difference 
from  the  maximum  of  the  refracted  part.  These 
phase  differences  are  related  to  the  particle  diameter 
{Dp)  and  refractive  index  by 


Dp  -  no  ir  (5) 

=  CP  Dp  +  ni  IT  (6) 


Here  the  even  numbers  of  phase  jumps  over  x,  no  and 
ni  cannot  be  determined  since  two  detectors  have  been 
considered.  Nevertheless  these  parameters  are  kept 
in  order  to  check  the  sensitivity  to  refractive  index 
measurements  with  DBT. 

Knowing  and  no,  the  particle  diameter  can  be 
deduced  by 


Dp  = 


-1-  no  X 


(7) 


Knowing  $P,  ni,  and  Dp,  the  particle  refractive  index 
cjin  be  simply  deduced  by  solving  Eq.(2),  yielding 
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5  Experimental  Investigations 

5.1  Optical  setup  and  procedure 

The  PDA  geometry  used  in  the  experiments  was 
the  same  as  in  the  GLMT  simulations,  however  the 
detector  aperture  shape  was  circular  with  a  cone  half¬ 
angle  equal  to  2.77®.  The  particle  stream  was  in  the 
negative  y  direction,  in  contrast  to  the  illustration  in 
Fig.3.  For  the  purpose  of  achieving  a  measuring  vol¬ 
ume  with  a  small  diameter  and  also  a  small  beam¬ 
crossing  half  angle  of  1.7®,  prisms  for  setting  the  beam 
separation  to  4.75  mm  and  a  transmitting  lens  with  a 
focal  length  of  80  mm  were  used.  With  a  10  mW  He-Ne 
laser,  a  measuring  volume  diameter  of  54  /rm  has  been 
achieved.  The  optical  arrangement  yields  for  the  re¬ 
flected  light  a  constant  phase  factor  CP  =  4.16®//im, 
whereas  for  refracted  light  the  conversion  factor  is  a 
function  of  the  particle  refractive  index.  For  instance, 
CP  =  -3.33*//im  when  m=1.333,  using  Eqns.(2-4). 

Monodispersed  droplets  produced  from  a  TSI 
droplet  generator  have  been  used  for  the  tests.  Water 
(m=1.333),  ethanol  (m=1.361)  and  a  sugar-water  solu¬ 
tion  (45%  sucrose  by  weight,  m=1.410),  were  used  for 
different  particle  refractive  indices.  The  nominal  sizes 
of  the  droplets,  according  to  the  setup  of  the  droplet 
generator,  were  95— 98/imfor  water,  89— 91/im,  100/im 
and  125^m  for  the  sugar-water  solution  and  25-38/im, 
41  —  45pm  and  54  —  64pm  for  ethanol. 

The  bursts  were  stored  in  a  digital  oscilloscope  and 
read  out  to  a  PC.  A  zero-crossing  procedure  and  a 
cross-spectral  density  algorithm  with  sliding  window 
(Domnick  et  al.  (1988),  Onofriet  al.  (1994))  were  used 
to  compute  the  phase  difference  between  the  bursts 
coming  from  the  two  detectors.  A  shift  frequency  of  5 
MHz  was  applied  to  the  laser  beams  to  obtain  sufficient 
cycles  in  the  signal  bursts  for  signal  processing. 

5.2  Experimental  Results 

Signal  bursts 

Fig.5  shows  three  typical  dual  bursts  from  the  first 
detector  and  the  measured  phase  evolution  between 
signeUs  of  the  two  channels.  They  were  produced  by  a) 
a  25pm  ethanol  droplet,  6)  a  75pm  ethanol  droplet,  c) 
a  95pm  water  droplet,  passing  through  the  measuring 
volume  along  (OY). 

For  the  large  particles  6)  and  c),  the  phase  di¬ 
agrams  show  two  flat  zones,  separated  by  a  transi¬ 
tion  zone  with  a  phase  jump.  These  zones  corre¬ 
spond  to  two  maxima  in  the  signal  amplitude;  the 
refracted  burst  and  the  reflected  burst  (with  the 
lower  amplitude).  By  measuring  the  phase  differ¬ 
ence  around  these  maxima,  and  using  Eqns.(7-9)  with 
no  =  fii  =  2,  the  droplet  size/refractive  index  deduced 
are  74.2pm/1.354  and  93.8pm/1.316. 
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Figure  5:  Dual  Burst  Technique:  experimental  bursts. 

In  Fig.  5a),  a  clear  separation  of  the  bursts  due  to 
the  two  scattering  processes  as  in  Fig.  5b)  and  c)  is  not 
seen.  In  the  phase  difference  curve,  the  transition  be¬ 
tween  the  two  flat  parts  is  smoother  compared  to  cases 
6)  and  c)  and  the  flatness  of  the  curve  in  the  reflection 
dominated  part  is  reduced.  In  this  case,  the  droplet 
size  is  too  small,  compared  with  the  beam  waist  diam¬ 
eter,  to  avoid  mixing  between  the  two  scattering  pro¬ 
cesses.  In  other  words,  the  Gaussian  intensity  profile 
with  the  54  fim  waist  diameter  is  too  smooth  to  sep¬ 
arate  the  two  contributions  with  sufficient  time-delay. 
This  phenomenon  has  been  already  predicted  by  simu¬ 
lation  in  Fig.3,  where  the  behavior  of  the  27fim  droplet 
is  equivalent  to  case  a)  in  Fig.  5.  Thus,  for  this  droplet 
size  (about  one-half  of  the  probe  volume  size)  and  ob¬ 
viously  for  smaller  droplets,  the  problem  is  where  to 
extract  the  phase  information  for  the  reflection  pro¬ 
cess  in  the  burst  signal  to  obtain  the  best  accuracy 
and  how  to  find  the  required  position  during  signal 
processing.  This  problem  is  still  an  open  problem. 
Nevertheless  some  solutions  are  possible,  for  example, 
to  make  :ui  estimation  of  the  time  delay  between  the 
maxima  of  the  two  contributions,  thus  enabling  the 
right  position  in  the  reflected  burst  to  be  found  ac¬ 
cording  to  the  amplitude  maximum  of  the  burst  (Hess 
and  Wood  (1993)).  In  the  current  experimental  inves¬ 


tigation,  when  the  reflected  burst  from  a  small  parti¬ 
cle  could  not  be  detected  from  its  amplitude  due  to 
the  mixing  of  the  two  contributions,  the  phase  dif¬ 
ference  for  the  reflection  was  measured  at  the  posi¬ 
tion  where  =  0.  Using  this  method,  the 

droplet  size/refractive  index  for  case  a)  were  estimated 
as  25pm/1.358. 

Measurement  results 

•  First,  measurements  have  been  made  for  different 
droplet  sizes.  The  accuracy  of  the  size  measurements 
with  DBT  can  thus  be  checked  over  a  size  range. 

-  In  DBT,  reflected  bursts  give  directly  the  particle 
diameters.  Fig.  6  displays  the  measured  diameter  from 
the  reflected  burst  versus  the  nominal  droplet  diame¬ 
ter  according  to  the  monodispersed  droplet  generator. 
Good  agreement  (within  10%)  is  seen  for  large  parti¬ 
cles,  even  for  particles  larger  than  twice  of  the  probe 
volume  diameter.  For  small  droplets  (below  50/<m), 
the  diameter  estimation  is  not  as  good.  This  point 
will  be  discussed  later. 


Figure  6;  Size  measurements  with  the  reflected  contri¬ 
bution. 


-  In  the  present  experiments  the  particle  refr2u:tive 
index  is  known  beforehand,  thus  the  droplet  diame¬ 
ter  can  be  deduced  from  the  refracted  bursts.  Fig.  7 
shows  a  comparison  of  the  droplet  diameters  obtained 
from  the  reflected  burst  and  from  the  refracted  burst. 
The  consistency  of  the  information  extracted  from  the 
two  scattering  processes  is  clear:  droplet  diameters 
measured  from  the  refracted  light  and  the  reflected 
light  agree  with  an  accuracy  better  than  10%  over  all 
the  sizes.  Note  that  here  for  small  particles  (below 
50/im),  the  agreement  is  much  better  than  in  Fig.  6.  It 
may  be  doubtful  whether  the  nominal  diameters  of  the 
small  droplets  are  very  accurate,  because  in  the  oper¬ 
ation  of  the  TSI-3450  droplet  generator  for  producing 
very  small  droplets,  the  flowrate/operating  pressure 
took  long  time  to  become  stable  while  the  operating 
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frequency  range  in  which  droplets  are  monodispersed 
strongly  depended  on  the  flowrate. 

•  Secondly,  the  results  of  the  simultaneous  mea¬ 
surement  of  droplet  diameter  and  refractive  index  are 
displayed  in  Fig.  8,  where  the  measured  droplet  refrac- 
ndex  versus  the  measured  diameter  is  plotted. 

.n  this  plot  six  groups  can  be  distinguished,  as 
^.wen  in  Table  1.  It  is  seen  in  Fig.  8,  the  measure¬ 
ments  of  group  A60,  SlOO  and  W95  are  concentrated 
around  the  expected  value  for  size  and  refractive  index. 
The  mean  refractive  index  and  the  standard  deviation 
of  these  measurements  are  given  in  Table  1. 


Figure  7;  Measured  sizes  with  the  refracted  contribu~ 
tion  versus  the  measured  sizes  with  the  reflected  con¬ 
tribution. 
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Figure  8:  Dual  Burst  Technique:  Measured  droplets 
diameter  versus  the  corresponding  measured  refractive 
index. 

For  group  A40,  results  are  dispersed  leading  to  non¬ 
reliable  refractive  index  measurements.  Errors  may  be 
due  to  low  SNR  and  the  selection  of  the  portion  of  the 
signal  for  phase  estimation. 

Errors  in  measurements  of  group  A30  are  abruptly 
increased  compared  with  the  results  of  group  A40. 


Group 

MaterUl 

Nominal 

dia.iMm) 

Mean 
ref.  index 

Standard 

deviation 

A30 

ethanol 

25-34 

1.382 

0.0636 

A40 

ethanol 

37-45 

1.382 

0.0441 

A60 

ethanol 

54-64 

1.360 

0.0147 

SlOO 

lugai^water 

100 

1.407 

0.0146 

S125 

sugar- water 

125 

1.378 

0.0168 

W95 

water 

95 

1.331 

0.0112 

Table  1:  Summary  of  refractive  index  measurements. 


Apart  from  the  reasons  described  above,  errors  were 
mainly  due  to  that  the  distances  between  droplets  were 
too  small  in  this  case.  The  reflected  light  from  one 
droplet  was  thus  mixed  with  the  refracted  light  from 
another  droplet  behind  it.  This  was  clearly  seen  in 
the  recorded  signals.  For  the  measurements  of  group 
S125,  a  discussion  is  made  in  the  next  section. 


Figure  9:  Distribution  of  measured  refractive  index. 


Fig.  9  plots  the  data  of  group  W95,  group  AdO-AflO 
and  group  SlOO  in  a  histogram. 

6  Discussion 

Receiving  aperture  si«e  and  shape 

In  a  conventional  PDA  it  is  well  known  that  the  re¬ 
ceiving  aperture  size  and  shape  is  of  great  importance 
to  obtain  etccurate  size  measurements,  see  Naqwi  and 
Durst  (1990).  The  aperture  size  influences  directly 
the  signal  intensity,  whereas  the  aperture  shape  deter¬ 
mines  largely  the  signal  visibility.  In  DBT,  the  influ¬ 
ence  of  this  last  parameter  is  even  more  important,  be¬ 
cause  an  improper  receiving  aperture  shape  may  lead 
to  a  non-linearity  of  the  calibration  curve,  especially 
for  large  particle  sizes,  and  the  tolerance  to  this  devi¬ 
ation  for  a  satisfying  refractive  index  measurement  is 
much  smaller  than  that  for  a  size  measurement. 

Fig.  10  displays  the  simulated  phase  and  signal  evo¬ 
lution  for  a  sugar-water  droplet  of  125|im  diameter. 
The  experimental  conditions  of  group  S125  in  Fig.  8 


21.4,6. 


have  been  used  with  the  exception  that  the  receiv¬ 
ing  apertures  have  been  replaced  by  thin  rectangular 
apertures  {6x  =  ±.277®,  by  =  ±2.77®).  According  to 
geometrical  optics  (Eqns.(l-6)),  the  phases  in  this  case 
should  be  160.0®  and  24.8®  (with  a  jump  of  2ir)  for  re¬ 
flection  and  refraction.  From  GLMT  simulations  and 
for  the  rectangular  aperture,  using  the  phases  around 
the  intensity  maxima,  the  droplet  size/refractive  in¬ 
dex  is  predicted  to  be  125.4/im/1.413.  With  the  ex¬ 
act  optical  parameters  of  group  S125,  including  the 
circular  receiving  aperture,  the  results  were  however 
115.9/im/1.363.  Regardless  of  the  exact  value,  this 
simulation  predicted  that  the  use  of  a  circular  aper¬ 
ture  will  result  in  a  negative  error  in  the  refractive 
index  measurement.  Very  good  agreement  is  found 
with  the  measured  diameter  and  refractive  index  for 
the  corresponding  particles  in  Fig.  8  and  Table  1. 


Figure  10:  Influence  of  the  detectors  aperture  shape. 


Similar  simulations  have  been  also  made  for  the 
optical  parameters  corresponding  to  group  A64.  The 
results  show  however,  the  influence  of  the  aperture 
shape  (rectangular  or  circular  as  in  Fig.  10)  in  this  case 
is  negligible.  These  results  indicate  that  the  problem 
is  related  with  the  visibility  of  large  particles.  When 
the  visibility  is  very  low,  the  signal  phase  is  deviated 
from  the  value  predicted  by  Eqns.  (1-6).  Note  that 
in  Fig.  10,  although  the  area  of  the  circular  receiving 
aperture  is  as  8  times  large  as  the  rectangular  aper¬ 
ture,  the  signal  intensity  of  the  reflected  contribution 
in  the  both  cases  are  about  the  same. 

Scattering  angle 

A  scattering  angle  of  30®  has  been  chosen  for  the 
first  experiment  on  DBT.  This  angle  is  the  most  suit¬ 
able  angle  for  refractive  index  measurements  in  a  large 
range  from  1.2  to  1.6,  considering  the  intensity  of  the 
other  scattering  processes  (3rd,  4th,  5th  order  refrac¬ 
tion,  which  have  to  be  minimized).  If  the  required 
refractive  index  measuring  range  is  reduced,  an  opti¬ 
mumscattering  angle  can  be  found.  For  instance,  for  a 
refractive  index  around  1.3,  a  scattering  angle  around 


70®  with  a  perpendicular  polarization  can  be  chosen. 
In  this  case  the  intensity  of  the  reflected  contribution 
is  of  the  same  order  as  the  refracted  contribution,  as 
predicted  with  G.O. 

With  such  an  arrangement  the  reflected  light  would 
not  be  dominated  by  the  refracted  contribution  for 
small  particles,  as  in  the  case  of  group  A40  in  Table  1 . 

Signal  processing 

As  shown  in  Fig.  5,  the  cross-spectral  density  al¬ 
gorithm  with  sliding  window  can  be  successfully  used 
in  DBT  to  trace  the  phase  difference  evolution.  The 
question  is  however,  as  discussed  in  section  5.2,  where 
to  extract  the  phase  information  for  the  reflection  pro¬ 
cess  in  the  burst  signal  to  obtain  the  best  accuracy  for 
small  particles  and  how  to  find  the  required  position 
during  signal  processing.  Although  in  the  experiments 
the  phase  difference  for  the  reflection  was  measured  at 
the  position  where  di^^^/dt^  =  0,  this  method  has 
not  been  proved  to  be  correct.  The  scattered  mea¬ 
surements  of  the  refractive  index  for  group  A40  (see 
Fig.8  and  Table  1)  may  be  partially  attributed  to  this 
reason.  The  above  proposed  optimization  on  the  op¬ 
tical  analysis  can  certainly  reduce  the  difficulty  in  sig¬ 
nal  processing.  The  time-delay  method  as  proposed 
in  section  5.2  may  be  an  effective  algorithm  in  data 
processing.  It  may  be  also  useful  in  burst  detection 
of  DBT.  When  measuring  in  sprays,  it  is  necessary  to 
distinguish  a  pair  of  bursts  that  are  from  one  particle, 
or  from  different  particles.  This  can  also  be  done  by 
checking  the  arriving  time  of  the  two  amplitude  max¬ 
ima  with  the  predicted  time  delay. 

For  each  particle  passing  through  the  measuring 
volume,  the  phase  of  the  corresponding  bursts  can  be 
analyzed  continuously  by  the  DBT  signal  processor, 
although  not  necessarily.  With  the  actual  electron¬ 
ics/computer  it  is  already  possible  to  implement  such 
kind  of  signal  processor.  The  main  advantage  is  that 
by  tracing  the  phase  evolution  inside  the  dual  bursts 
with  DBT,  the  non-homogeneity  (e.g.  cenospheres)  or 
non-sphericity  of  a  particle  (e.g.  a  crystal  particle) 
could  be  recognized. 

7  Conclusions 

The  principle  of  an  innovative  technique,  the  Dual 
Burst  Technique  (DBT)  has  been  proposed  in  this  pa¬ 
per.  Using  this  technique,  a  Phase  Doppler  Anemome¬ 
ter  (PDA)  with  a  single  receiving  optics  is  now  possi¬ 
ble  to  perform  simultaneous  refractive  index  measure¬ 
ments,  in  addition  to  particle  size,  velocity  and  flux 
measurements.  The  results  from  preliminary  experi- 
mentri  investigations  and  simulations  are  promising. 
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The  next  steps  will  be  to  design  an  optimized  DBT 
system  based  on  the  points  discussed  in  this  paper. 
The  challenge  will  be  to  measure  particle  refractive 
index,  size  and  velocity  with  a  single  receiving  optics, 
for  a  size  range  between  one-half  to  4  times  of  the 
optical  probe  diameter  or  larger. 
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ABSTRACT 

The  anisotropy  of  laser  light  scattered  by  a 
droplet  exhibits  a  strong  dependence  on  droplet  size  and 
temperature.  Around  the  geometrical  rainbow  angle  this 
dependence  is  such  that  it  can  be  used  to  determine  these 
two  parameters.  This  determination  is  done  with  the  help 
of  the  Airy  theory  for  the  rainbow  to  avoid  an  extensive 
calibration  of  the  angular  scattered  light  intennty.  A  com¬ 
parison  between  the  Airy  and  the  Mie  theories  shows  that 
one  has  to  be  careful  in  applying  the  Airy  theory  for  this 
purpose.  The  Airy  theory  has  also  been  compared  with  the 
experimental  first  order  ‘Monochromatic  rainbow”  created 
by  single  falling  droplets  crossing  a  laser  beam.  There  is  a 
qualitative  good  agreement  between  experiment  and  the¬ 
ory  after  the  measured  runbow  pattern  has  been  properly 
smoothed. 
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Fig.  1:  Gain  factor  with  respect  to  an  isotropic  scat- 

terer  as  a  function  of  the  scattering  angle  ac¬ 
cording  to  the  Mie  theory.  The  droplet  diam¬ 
eter  is  100  itm,  the  refractive  index  of  the  par¬ 
ticle  is  1.33573  and  of  the  medium  is  1.00029. 
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Fig.  2:  Filtered  and  unfiltered  first  order  “monochro¬ 

matic  rainbow”. 


1.  INTRODUCTION 

Measurements  of  droplet  velocity  and  droplet  size 
are  nowadays  widely  performed  by  optical  techniques  such 
as  the  laser  Doppler  velodmetry  and  the  Phase  Doppler 
Particle  Analjrsis.  Similar  well-established  non-intrnsive 
techniques  do  not  yet  exist  for  the  droplet  temperature. 
Roth  et  a.  (1990)  proposed  a  laser  technique  which,  as  for 
the  aforementioned  successful  techniques,  is  based  on  the 
detection  of  the  scattered  laser  light.  The  scattering  angle, 
at  which  the  first  order  “monochromatic  rainbow”  is  seen, 
depends  on  the  droplet  temperature  and  the  droplet  size. 
The  droplet  size  has  been  determined  from  the  spatial  in¬ 
tensity  distribution  of  the  light  scattered  in  the  forward 
hemisphere  (see  Konig  et  a.  (1986)).  Once  this  quantity  is 
known,  the  temperature  can  be  deduced  from  the  position 
of  the  rainbow.  In  this  way  two  CCD-cameras  have  to  be 
used,  one  in  the  forward  and  one  in  the  backward  hemi¬ 
sphere.  The  present  paper  will  show  that  it  is  posable  to 
deduce  the  droplet  size  from  the  interference  pattern  that 
can  be  seen  near  the  geometrical  rainbow  angle,  thus  re- 
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quiiing  only  one  CCD-camera.  Therefore,  the  Airy  theory 
for  the  rainbow  is  applied.  The  applicability  of  this  the¬ 
ory  for  this  new  method  will  be  shown  by  comparing  it 
with  the  “correct”  Mie  theory.  Finally  so-called  rainbow 
patterns,  coming  from  single  falling  droplets,  have  been 
recorded  on  the  CCD-camera  and  will  be  presented. 


and  is  presented  here  for  the  particular  case  of  a  droplet 
diameter  of  100  urn,  a  wave  length  of  the  incident  light 
of  514.2  nm  and  a  real  refractive  index  of  the  particle  of 
1.33573.  The  refractive  index  of  the  medium  is  set  to 
1.00029  and  the  polarization  is  perpendicnlar  to  the  scat¬ 
tering  plane. 


2.  THE  RAINBOW  AS  NON-INTRUSIVE 
MEASUREMENT  TECHNIQUE 


Fig.  3;  The  geometrical  optical  rays  that  form  the  first 
order  rainbow. 


Fig.  4:  Scattering  angle  d  versus  incident  angle  r  for  a 

geometrical  ray  suffered  one  internal  reflection 
in  a  droplet.  (Particle  and  medium  refractive 
index  are  respectively  1.33573  and  1.00029.) 

One  could  state  that  by  using  the  rainbow  for  techni¬ 
cal  purposes  this  beautiful  phenomenon  is  deromantized. 
However,  making  research  on  the  rainbow  shows  that  also 
scientifically  seen  it  b  a  beauty.  Just  look  to  figure  1. 
Herein  is  depicted  the  gain  factor  with  respect  to  an 
isotropic  scatterer  as  a  function  of  the  scattering  angle  for  a 
droplet  being  hit  by  a  planar  monochromatic  electromag¬ 
netic  wave  front.  The  solution  for  this  problem  is  given 
by  the  Mie  theory  (see  for  instance  van  de  Hulst  (1957) 
or  Bohren  and  Huffman  (1983)  for  elaborate  descriptions) 
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Fig.  5:  The  rainbow  pattern  according  to  the  Airy  the¬ 

ory. 

Near  a  scattering  angle  of  140”  an  interference  pat¬ 
tern  can  be  seen  that  resembles  the  first  order  rainbow. 
Figure  2  shows  a  close-up  of  this  rainbow  pattern  for  a 
droplet  diameter  of  1  mm.  The  ptattern,  for  which  the 
high  frequency  is  filtered  out  (dashed  curve  in  figure  2),  is 
applied  for  the  optical  technique  discussed  below. 
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Fig.  6a;  Angular  positions  of  the  first  five  extrema  in 
the  rainbow  pattern  as  a  function  of  the  droplet 
temperature. 
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Fig.  6b:  Angular  positions  of  the  hist  five  extrema  in 
the  rainbow  pattern  as  a  function  of  the  droplet 
diameter. 
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Fig.  7a:  Angular  positions  of  the  first  two  extrema  in 
the  rainbow  pattern  as  a  function  of  the  droplet 
temperature  according  to  Airy  and  Mie  calcu¬ 
lations.  (A  =  514.2  nm,  D  =  100  fim  and  the 
refractive  index  of  the  medium  is  1.00029.) 


Before  explaining  this  technique  it  is  useful  to  look 
to  the  results  of  the  Airy  theory,  which  is  able  to  predict 
the  filtered  interference  pattern  of  figure  2  as  well.  The 
advantage  of  the  Airy  theory  is  its  simplicity  compared 
to  the  very  complex  and  computationally  expensive  Mie 
theory. 

The  Airy  theory  is  an  extension  of  geometrical  op¬ 
tics  based  on  the  Huygens’  principle  (see  Hecht  (1987)). 
Concerning  the  first  order  rainbow,  the  theory  deals  with 
rays  that  have  suffered  one  internal  reflection  in  the  drop 
as  is  sketched  in  figure  3.  The  relationship  between  the 
scattering  angle  8  and  the  incidence  angle  r  is  given  by 
geometrical  optics  and  is  presented  in  figure  4.  The  geo¬ 
metrical  rainbow  angle  tfrj  is  situated  at  the  minimum  of 
the  curve.  This  depends  only  on  the  refractive  index 
of  the  liquid.  The  high  intensity  of  the  rainbow  is  due  to 
the  fact  that  a  large  part  of  the  incident  light  emerges  at 
a  small  range  of  scattering  angles  8. 

Until  so  far  geometrical  optics.  The  subsidiary 
maxima  are  explained  as  follows.  Near  rrg,  which  is  the 
incident  angle  of  the  ray  that  leaves  the  droplet  at  Brg, 
there  exist  rays  with  different  r’s  that  leave  the  droplet  at 
the  same  8  (see  sketch  in  figure  3).  These  rays  are  parallel 
and  therefore  interfere  at  infinity,  yielding  a  minimum  or 
maximum  in  intensity  according  to  their  phase  shift.  The 
Airy  theory  computes  this  phase  shift  by  assuming  a  cu¬ 
bic  wave  front  near  the  rainbow  (see  for  instance  van  de 
Hulst  (1957)  about  this);  thus  a  pattern  as  in  figure  5  is 
obtained.  It  has  to  be  noted  that  also  for  the  Airy  theory 
the  polarization  is  chosen  perpendicular  to  the  scattering 
plane.  For  the  polarization  parallel  to  the  scattering  plane 
the  rainbow  is  hardly  visible  because  the  internal  angle 
corresponding  (by  means  of  Snell’s  law)  to  Tp,  is  close  to 
the  Brewster  2mgle.  This  is  why  the  polarization  perpen¬ 
dicular  to  the  scattering  plane  is  chosen  for  the  optical 


technique  discussed  here. 

The  shape  of  the  Airy’s  rainbow  pattern  does  not 
only  depend  on  the  refractive  index  of  the  liquid  but  also 
on  the  droplet  size  and  the  wave  length  of  the  laser  light. 
If  one  uses  a  laser  beam  as  light  source  and  if  the  rela¬ 
tionship  between  the  refractive  index  of  the  liquid  and  the 
temperature  is  well  known  (see  Thormahlen  et  a.  (1985) 
for  the  refractive  index  of  water),  then  the  rainbow  pattern 
depends  on  the  droplet  temperature  and  size.  This  dual 
dependence  can  be  seen  in  figures  6a  and  6b.  In  figure  6a 
the  scattering  angle  coneponding  to  the  first  five  maxima 
in  the  rainbow  pattern,  denoted  by  n  =  1  to  n  =  5, 
have  been  plotted  as  a  function  of  the  temperature  for 
a  fixed  droplet  diameter  of  1mm.  Figure  6b  depicts  the 
same  as  a  function  of  the  droplet  size  for  a  temperature 
of  20*C.  Note,  as  mentioned  above,  that  the  geometri¬ 
cal  rainbow  angle  does  not  exhibit  any  dependence  on  the 
droplet  size.  From  these  graphs  the  experimental  method 
can  be  understood.  As  the  angular  difference  between  the 
maxima  does  not  depend  on  the  temperature  (figure  6a), 
this  spacing  can  serve  to  determine  the  diameter  with¬ 
out  knowing  the  temperature  before.  With  this  knowledge 
about  the  droplet  size,  the  temperature  can  then  be  de¬ 
duced  from  the  scattering  angle  at  which  one  of  the  peaks 
in  the  rainbow  pattern  b  positioned.  In  thb  way,  both 
parameters  can  be  determined  bom  one  signal,  i.e.  the 
rainbow. 

3.  COMPARISON  BETWEEN  AIRY  AND  MIE 
COMPUTATIONS 

In  thb  section  the  applicability  of  the  Auy  theory  for 
the  proposed  non-intiusive  measurement  technique  will  be 
discussed.  Therefore  it  will  be  compared  with  the  “cor- 
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Fig.  7b:  Angular  positions  of  the  first  two  extrem:  in 
the  rainbow  pattern  as  a  function  of  the  droplet 
diameter  according  to  the  Mie  and  Airy  theory. 
(A  =  514.2  nm,  T  =  20*  C  and  the  refractive 
index  of  the  medium  is  1.00029.) 


rect”  Mie  theory.  A  comparison  between  the  '  ^ow  given 
by  Mie  computations  and  by  the  Airy  approximation  has 
been  carried  out  by  Wang  and  van  de  Huls  (1991).  Their 
conclusion  was  that  for  the  first  or.  rainor  ”  the  theo¬ 
ries  agree  with  each  other  for  diameters  of  ii>u.ter  droplets 
down  to  0.02  mm.  Nevertheless,  another  comparison  will 
be  given  here  which  is  more  suitable  to  the  envisaged  ap¬ 
plication.  Namely,  similar  curves  as  in  figures  6a  and  6b 
have  been  reproduced  by  means  of  the  Mie  theory.  As 
these  calculations  are  very  time  consuming,  only  the  first 
two  maxima  have  been  considered.  For  the  comparison  the 
high  frequencies  in  the  Mie  theory  have  been  filtered  out 
as  was  done  for  the  dashed  curve  in  figure  2.  This  leads  to 
the  desired  comparison  between  the  theories  in  figures  7a 
and  7b. 

Figure  7a  depicts  the  dependence  of  the  peak  posi¬ 
tions  on  the  droplet  temperature  for  a  droplet  diameter  of 
100  pm.  Remarkable  are  the  wiggles  in  the  curves  of  the 
Mie  theory.  For  the  first  peak  this  feature  even  causes 
an  ambiguity  for  the  temperature  measurement  around 
20  "C.  One  could  suggest  to  use  the  second  extremum 
of  the  rainbow  for  the  determination  of  the  temperature 
because  for  this  peak  the  wiggles  have  a  smaller  ampli¬ 
tude.  But  for  the  second  extremum  an  angular  shift  of 
about  0.1*  between  both  theories  can  be  seen;  such  a  shift 
corresponds  to  a  temperature  change  of  2  *C.  The  results 
of  Wang  and  van  de  Hulst  (1991)  indicate  that  for  higher 
order  subsidiary  maxima  this  shift  becomes  even  larger; 
thus  one  can  also  exclude  the  use  of  these  maxima  for 
the  discussed  experimental  technique.  Therefore  figure  7a 
tells  us  that  for  droplet  sizes  around  100  pm  the  use  of 
the  Airy  theory  can  lead  to  errors  of  several  degree  Cel¬ 
sius  concerning  the  droplet  temperature.  Roth  et  a.  (1992) 
have  demonstrated  that  the  amplitude  of  the  wiggles  in¬ 


Fig.  8:  Experimental  setup  for  the  detection  of  the 

“monochromatic  rainbow”. 

creases  for  smaller  droplets,  thus  implying  that  for  droplet 
diameters  in  the  micrometer  range  certainly  the  Mie  and 
not  the  Airy  theory  has  to  be  used.  This,  in  addition  to  the 
fact  that  for  these  small  droplets  more  ambiguities  occur 
concerning  the  droplet  temperature  determination,  makes 
this  technique  unfavourable  for  droplets  in  the  micrometer 
range. 

Figure  7b  shows  more  positive  results.  Herein  is  de¬ 
picted  the  dependence  on  the  droplet  size.  The  dots  pro¬ 
duced  by  the  Mie  theory  coincide  well  with  the  curves  of 
the  Airy  theory  except  for  the  droplets  near  Z>  =  100  pm  as 
has  been  noticed  in  the  previous  paragraph.  This  means 
that  the  wiggles  damp  out  and  the  angular  shift  disap¬ 
pears  for  droplets  exceeding  X>  =  100  pm!  Therefore  the 
Airy  theory  can  applied  without  any  problem  for  droplets 
in  the  millimeter  range;  the  measurements  presented  in  the 
next  section  have  been  performed  in  this  range.  But  it  has 
to  be  noted  that  close  study  of  the  presented  calculations 
shows  that  even  for  these  big  droplets  the  (still  present) 
wiggles  lead  to  an  error  of  several  percent  concerning  the 
droplet  sizing  and  an  error  of  a  fraction  of  a  degree  Celsius 
concerning  the  temperature  determination.  If  more  accu¬ 
rate  results  are  required,  the  Mie  theory  itself  has  to  be 
applied. 

4.  EXPERIMENTAL  RESULTS 

The  experimental  results  shown  here  consist  of  ex¬ 
perimental  rainbow  patterns  arising  from  single  falling 
droplets  in  the  millimeter  range.  Such  droplets  are  pro¬ 
duced  with  the  setup,  outlined  in  figure  8.  The  droplets 
are  initiated  from  the  needle  of  a  medical  syringe.  The 
hydrodynamic  pressure  (of  several  1000  Pa)  in  combina¬ 
tion  with  a  valve  ensures  a  range  of  droplet  diameters  from 
1  mm  to  4  mm.  The  initial  temperature  of  the  droplet  is 
measured  with  a  thermocouple  mounted  inside  the  ther¬ 
mally  isolated  needle.  The  falling  droplet  crosses  the  laser 
beam  which  has  a  diameter  of  about  5  mm  at  this  cross- 
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Fig.  9:  (Unsmoothed)  calibr&tion  rainbow  pattern 

recorded  in  order  to  relate  each  pixel  number 
to  a  scattering  angle  and  to  allow  the  use  of 
the  Airy  theory. 


ing  point.  The  “monochromatic  rainbow”  is  projected  on 
the  digital  linear  CCD-array.  The  integration  time  of  the 
camera  is  chosen  such  that  only  one  single  rainbow  pattern 
is  recorded  at  a  time. 

A  calibration  is  carried  out  to  relate  each  pixel  num¬ 
ber  to  a  certain  scattering  angle.  It  avoids  the  use  of  a 
geometrical  measurement  of  the  scattering  angle.  The  pro¬ 
cedure  consists  of  the  detection  of  a  rainbow  pattern  issued 
from  a  droplet  at  ambient  temperature.  This  calibration 
rainbow  pattern  is  depicted  in  figure  9.  The  droplet  size 
is  deduced  from  the  fringe  spacing  to  be  1.37  mm.  The 
ambient  temperature  is  given  by  the  thermocouple  and 
equals  20.2'’C.  The  Airy  theory  delivers  for  these  parame¬ 
ters  the  corresponding  rainbow  pattern  so  that  the  desired 
relation  between  pixel  number  and  scattering  angle  can 
be  established.  This  calibration  procedure  suffers  from  the 
evaporation  of  the  droplet  along  its  path,  resulting  in  a 
slight  change  in  temperature.  This  unknown  change  plus 
the  uncertainty  in  the  determination  of  the  peak  positions 
leads  to  a  total  error  in  the  temperature  of  less  than  ±1“C. 

After  the  calibration  the  temperature  and  diame¬ 
ter  can  be  determined  for  any  heated  droplet.  Figure  10 
shows  a  typical  experimental  low  pass  filtered  signal  yield¬ 
ing  a  “rainbow  temperature”  of  49“C.  The  thermocou¬ 
ple  indicated  51*C  but  after  a  numerical  correction  for 
the  cooling  of  the  droplet  before  it  crosses  the  laser  beam 
(given  graphically  by  van  Beeck  and  Riethmuller  (1994)), 
it  equals  the  “rainbow  temperature”  within  I’C.  The 
reconstruction  of  the  theoretical  rainbow  pattern  demon¬ 
strates  a  remarkable  agreement  of  the  positions  of  all  the 
peaks  which  was  expected  for  this  droplet  size  in  section 
3.  As  those  positions  determine  the  demred  parameters 
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Fig.  10:  Typical  low  pass  filtered  rainbow  pattern  and 
the  comparison  with  the  Airy  theory. 

the  disagreement  concerning  the  peak  intensities  is  just  a 
minor  defect. 

A  final  remark  concerns  the  shape  of  the  droplets. 
For  rainbows  conting  from  droplets  bigger  than  2  mm, 
the  “rainbow  temperature”  suffers  largely  from  the  non- 
spheridty  of  the  oscillating  droplets;  it  is  well  known  that 
the  amplitude  of  the  oscillation  increases  with  the  droplet 
size  (see  for  instance  Becker  et  a.  (1991)).  The  presented 
Airy  theory  is  only  valid  for  spheres  thus  yielding  incor¬ 
rect  quantities  for  non-spherical  drojdets.  The  reason  for 
the  perfect  agreement  in  figure  10  was  probably  because 
of  the  accidental  event  that  an  oscillating  droplet  hap¬ 
pened  to  momentarily  have  a  spherical  shape.  This  has 
been  pointed  out  by  van  Beeck  and  Riethmuller  (1994) 
and  definitely  requires  further  study. 

5.  CONCLUSIONS 

The  art  of  using  the  first  order  rainbow  for  the  measure¬ 
ment  of  the  droplet  temperature  has  been  improved.  The 
droplet  size,  necessary  for  this  rainbow  method,  can  be 
deduced  from  the  fringes,  visible  in  the  rainbow  itself. 
A  comparison  between  Airy  and  Mie  computations  shows 
that  for  a  droplet  diameter  bigger  than  100  pm  the  Airy 
theory  for  the  rainbow  can  be  used  for  the  determination 
of  the  temperature  and  diameter  provided  the  signal  is 
properly  low  pass  filtered;  the  accuracy  is  several  percent 
concerning  the  droplet  size  and  a  fraction  of  one  degree 
Celsius  concerning  the  temperature.  If  higher  predsion  is 
required,  the  Mie  theory  has  to  be  applied. 
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ABSTRACT 

Most  of  experimental  techniques  used  to 
investigate  the  atmospheric  nirbulencc  give  an  Eulerian 
description  of  the  veliKity  field.  Time  histories  of  the 
velocity  are  acquired  at  one  or  more  fixed  points  ttf  the 
field  in  study.  Nevertheless  the  pollutant  dispersion 
phenomena,  are  more  simply  (^'ribed  from  the 
Lagrangian  point  of  view.  As  a  matter  of  fact,  the 
knowledge  of  the  Lagrangian  statistics  gives  a  full 
description  of  the  behavior  of  a  single  particle  since  it 
was  released  from  a  source:  this  information  is  very 
useful  to  calibrate  the  Lagrangian  numerical  models  of 
dispersion,  based  on  simulations  of  lime  histories  of  the 
poUuiani  panicles  released  frtim  a  source. 

The  Panicle  Tracking  Velocimetiy  has  been  used 
to  obtain  a  Lagrangian  description  of  the  velocity  field. 
As  a  consequence.  Lagrangian  statistics  may  be  directly 
evaluated  without  any  assumption,  rather  than 
heuristically  obtained  fnim  Eulerian  measurements.  This 
technique  was  applied  to  the  study  of  the  turbulent 
convection  in  the  atmosphere  by  means  of  a  laboratoiy 
simulation.  Lagrangian  autocorrelations  and  integral 
time  scales  have  been  evaluated.  Furthermore,  the 
mixing  phenomena  have  been  described  through  the 
transilieni  matrix,  whose  eleiiKnts  represent  the  fraction 
of  air  mixing  from  taic  layer  to  the  other  in  the 
atmosphere. 


1.  INTOODUCTION 

The  study  of  the  amvection  occurring  in  the 
atmospheric  boundary  layer  has  been  carried  out  by 
means  a  labtaaiory  model.  When  the  sky  is  cloud- 
clear.  during  the  daylight.  1091  of  the  solar  radiation  is 
adsorbed  by  the  air.  The  remaining  90'^  heats  the  ground 
generating  a  convective  layer  that  grows,  since  about  half 
hour  after  sunrise,  up  to  a  depth  d'  5()Orl.S(K)  m.  This 
layer,  called  QMiveclivc  Boundary  Layer  (CBL).  is 
characterized  by  intense  mixing  in  a  unsuihle  situation 


where  thermals  of  warm  air  rise  finom  the  ground. 
Though  there  is  usually  wind  shear  across  the  top  of  the 
CBL.  contributing  to  the  turbulence  generation,  the 
present  study  focuses  on  those  situations  when  the  wind 
is  light  or  not  pesem  at  all,  so  that  the  turbulence  is 
driven  only  by  convection,  and  the  terrain  is  llaL 

Usually,  a  thermally  stable  layer  at  its  top  (called 
Capping  Inversion),  acts  as  a  lid  to  the  thermals,  thus 
restraining  the  domain  of  turbulence.  The  CBL  grows  by 
entraining  the  less  turbulent  air  of  the  Calling  Inversion 
from  above.  The  presence  of  the  Calling  Inversion 
influence  the  pollutant  dispersion  too.  As  a  matter  of  fact, 
most  of  pollutant  sources,  such  as  chimney  or  car 
exhausts,  are  located  near  the  ground.  Pollutants  ate 
dispersed  by  the  convective  eddies,  therefore  the  presence 
*'  of  a  lid  to  the  turbulence  means  that  pollutants  too  are 
trapped  within  the  CBL.  These  conditions  are  common  in 
high-pressure  regions  and.  sometimes  lead  to 
environmental  alerts  in  the  proximity  ctf  concentrated 
sources  such  as  large  urban  areas  (Wyngaard  198S). 

The  turbulence  of  the  CBL  was  investigated  in  the 
pa.st  by  means  of  both  laboratory  models  and  field 
experiments,  from  the  Eulerian  point  of  view(Young 
198Xa.b.c).  This  means  that  the  time  variability  of  the 
velocity  is  pnrbcd  at  fixed  locatims  or  by  point  probes 
traversing  the  investigation  area.  Unfortunately,  the 
natural  frame  of  reference  for  the  description  of  the 
pollutant  dispersion  phenomena  is  the  Lai^gian  one. 
The  turbulent  dispersion  can  be  regarded  as  the  result  of 
the  behavior  of  rrtany  fluid  particles  moving  in  the  field, 
sitK’c  the  polluumt  act  as  a  tag  irf  the  fluid  particles.  In 
the  Lagrangian  reference  frame  the  time  variability  of  die 
velocity  is  given  for  each  fluid  particle  that  is  idratified 
by  its  location  at  a  reference  time.  Thus  all  Li^rangian 
statistics  are  computed  altmg  the  particles  trajectcaies 
rather  than  at  fixed  loctttions. 

For  the  Lagrangian  investigation  of  the  field,  the 
Particle  Tracking  Velocimetry  was  used:  the  working 
fluid  was  seeded  with  non-buoyant  particles,  and  their 
motion  was  recorded  through  a  video-camera  on  tape. 
Then  the  i^res  we.e  analyzed  off-line  in  (mlcr  to  idoitfy 
the  trajectories  of  the  seeding  particles.  Therefore, 
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assuming  lhai  particles  follow  closely  the  motion  of  the 
fluid,  the  measurement  a-sulls  in  a  lime  hLsiory  of  the 
velocity  along  the  trajectories  of  the  fluid  particles.  i.e.  in 
the  Lagrangiiui  reference  frame. 

Mast  of  techniques  used  to  predict  pollutant 
dispersion  in  aunosphere.  specially  in  convective 
conditions,  are  based  on  the  Lagrangian  approach  and 
accept  the  Lagrangian  statistics  ol  the  veliKiiy  fields  as 
input  data  (Thomson  1*^71).  This  is  usually  considered  a 
constrain  because  it  is  dilllcult.  in  general,  to  state  a 
relationship  between  the  measures  Eulerian  statistics  and 
the  Lagrangian  ones.  Through  the  use  of  the  laboratory 
model  and  of  Particle  Tracking  VeUa'iinetry.  is  now 
possible  the  direct  measurement  of  these  statistics. 


2.  LABORATORY  MODEL  AND  EXPERIMENTAL 
PROCEDURES 

The  CBL  is  simulated  by  a  parallelepipcdal  tank 
filled  with  water.  Its  horizontal  dimensions  are  4 1 .0  cm  x 
41.0  cm.  The  side-walls  aa*  made  of  glass  whereas  the 
lower  surface  is  a  O.KO  cm  thick  aluminium  plate.  Under 
the  aluminium  plate,  im  heat  exchanger  simulates  the 
heating  of  the  earth  surface  due  to  the  solar  radiation.  It 
consists  of  a  copper  spiral  shaped  tube  in  which  hot  water 
flows.  The  tube  is  immersed  in  a  2..‘>  cm  deep  chamber 
filled  with  water  in  order  to  unitbnnly  heat  the 
aluminium  plate. 

To  simulate  the  Capping  Inversion,  overlaying  the 
layer  in  study,  the  tank  is  initially  filled  up  to  4  cm  with 
ambient  temperature  water.  Over  this  layer,  a  second  one 
of  20  °C  higher  tcmperaiua'  water  is  slowly  stratified. 
The  upper  water  surface  is  thermally  insulated  by  a 
polystyrene  slab  flouting  above  the  Capping  Inversion. 

After  about  half  hour  of  test,  due  to  the  molecular 
diffusion,  a  nearly  constant  vertical  temperature  gradient 
is  generated,  and  the  heating  is  applied  to  the  lower 
surface  by  letting  hot  water  (20°C  higher  than  ambient 
temperature)  to  flow  at  a  .S.O  l/min  rate.  The  acquisition 
starts  240  s  later,  when  the  turbulent  convection  is  fully 
developed.  This  instant  is  considered  the  origin  of  the 
time  axis. 


3.  PARTICLE  TRACKING  VELOCIMETRY 

The  aim  of  the  measurements  was  the  detection  of 
long  trajectories  in  order  to  compute  statistics,  such  as 
the  Lagrangian  aukKorrelation.  at  large  time  lags. 
Therefore,  the  traditional  multi-exposed  technique  was 
not  suitable,  since  not  more  than  .3  or  four  images  can  be 
superimposed  without  a  drop  in  the  uajectory  recognition 
effectivene.s.s.  To  overcome  this  constrain,  series  of 
images  were  recorded  on  tape  through  a  video-camera 
and  processed  off-line.  Each  recording  was  5(K)s  long 


and  13  independent  experiment  were  performed.  A 
3CCD  video-camera  was  placed  orthogon^  to  the  light 
sheet  produced  by  a  ICXIO  W  arc  lamp,  so  that  it  framed  a 
9.0  cm  high.  5.0  cm  deep  and  12.5  cm  wide  volume 
placed  in  the  middle  of  the  tank  and  tangent  to  the  lower 
.surface.  The  water  was  seeded  with  conifer  pidlen  200 
^in  in  diameter,  having  the  same  density  of  the  water.  To 
increase  the  length  of  the  recognized  trajectories  the 
number  of  panicles  present  at  the  same  time  in  the 
measuring  volume  w'as  intentionally  kept  low  <8flf90 
panicles)  in  order  to  avoid  the  ambiguities  during  the 
recognition  process,  though  wide  tolerance  was  admitted 
in  the  recognizing  criteria. 

Once  the  images  had  been  recorded,  they  were 
analyzed  by  a  system  consisting  of  a  video-recorder,  an 
animation  controller,  a  frame  grabber  and  a  persraial 
computer  that  contnilled  both  frame  grabber  and  video- 
reciH'der  through  the  animation  controller.  Funhermrae, 
the  animation  controller  insened  a  frartK  code  during  the 
recording  so  that,  at  the  processing,  each  frame  was 
individually  idcntiflablc.  The  original  sampling 
frequency  of  the  recorder  was  25  Hz.  but  cmly  1  frame 
every  10  was  acquired  by  the  frame  grabber  and 
analyzed,  in  order  to  have  a  significant  displacement  of 
the  seeding  particles  between  one  image  and  the  next. 

The  first  step  of  the  processing  was  the  detection 
of  the  so  called  spots,  i.e.  the  images  of  the  particles,  and 
the  evaluation  of  their  locations.  This  task  was 
accomplished  by  thresholding  the  images  and  identifying 
the  islands  of  lighted  pixels  (the  spots).  The  islands,  to 
be  validated,  had  to  have  an  area  belonging  to  a  given 
interval. 

The  resulting  list  of  the  particle  barycenoe 
locations,  together  with  the  time  information,  were 
analyzed  to  recognize  the  trajectories.  The  recognition 
was  based  relied  on  two  simple  criteria: 

a)  maximum  initial  velocity; 

b)  maximum  acceleration. 

The  first  one  means  that  the  distance  between  the  first 
and  the  second  spot  of  a  trajectory  must  be  less  than  an 
assigned  parameter  D.  The  second  one  means  that  the 
difference  between  two  subsequent  displacements  must 
be  le.s.s  than  another  given  parameter  E  (Cenedese  and 
Querzoli  1992). 

Finally  velocities  were  computed  dividing  the 
particle  displacements  by  the  time  interval  between  two 
images,  and  the  statistics  were  evaluated. 


4.  SIMILARITY 

Results  are  presented  below  in  non-dimensional 
form  through  the  use  of  the  similarity  proposed  by 
Deardorff  ( 1970).  It  rely  on  the  assumption  that,  when 
the  sky  is  clear  and  the  wind  is  light,  over  a  flat  terrain 
the  mechanical  production  of  turbulent  kinetic  energy 
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can  be  neglected  and  phenomena  occurring  are  driven 
only  by  the  buoyancy.  In  these  conditions  the  scaling 
parameters  are: 


CBL  height 

(length); 

convective  velocity  w.  =  ^ 

g  OL  q,  r, 

(velocity): 

convective  temperature  d. 

H'. 

(temperature): 

convective  time  /. 

H'. 

(time). 

where  g  is  the  gravitational  acceleration,  a  is  the  thermal 
expansivity,  and  is  the  kinematic  heat  flux  at  the 
surface. 

Moreover,  phenomena  are  assumed  to  be 
horizontally  homogeneous  and  quasi-.steady,  that  means 
the  CBL  is  supposed  to  grow  through  a  succession  of 
steady  states.  Therefore  all  normalized  statistics  may 
considered  time  independent. 


5.  RESULTS 

5.1.  Probability  distributions: 

Probability  distributions  of  the  vertical  velocity 
component  are  presented  in  Ttgurc  I  at  four  levels.  The 
distribution  is  strongly  asymmetric  at  the  lower  levels 
with  the  most  probable  value  at  slightly  negative  values. 
This  means  that  cold  downdrafts  are  slower  but  more 
probable  than  the  corresponding  thermals.  This  behavitH’ 
is  seen  to  decrease  with  height  and.  close  to  the  to  of  the 
CBL  (z/zi=0.9S)  the  probability  distribution  maximum  is 
at  zero. 


Fig.  1.  Vertical  vel(x:ity  probability  distribution  as 
functions  of  the  non-dimensiomtl  velocity. 
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Instead,  the  horizontal  velocity  component 
exhibits  a  symmetrical  probability  distribution  at  all  the 
heights  (figure  2).  The  reason  is  that  phenomena 
occurring  within  the  CBL  are  horizontally  homogeneous 
and  isotropic,  thus  they  do  not  dq)end  on  the  orientatitm 
of  the  horizontal  axis.  The  maximum  is  always  placed  at 
zero  and  the  distribution  becomes  narrower  close  to  the 
Capping  Inversion,  where  the  variance  is  very  low 
(Hibbcrd  and  Sawford  1994). 
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Fig.  2  Probability  distribution  of  the  horizontal  velocity 
component. 

52.  Lagrangian  autocorrelatioiis: 

The  vertical  velocity  autocorrelation  (figure  3)  is 
seen  to  decrease  to  a  minimum  at  a  (l-rl.S)t*  time  lag. 
The  large  negative  autocorrelation  values  means  that  this 
is  the  time  taken  by  most  of  particles  to  run  along  half  of 
the  typical  convective  cycle  from  the  bottom  to  the  top  of 
the  (ZBL  and  vice-versa. 


Fig.  3  Autocorrelation  coefficient  of  the  vertical  velocity 
component  as  a  function  of  the  non-dimensional 
time  lag. 


The  aulocomelatiun  of  ihc  horizontal  velocity  is 
shown  in  figure  4.  Though  its  initial  skipe  varies  with 
height  at  which  it  is  cvaluuiud.  all  the  curves  approach 
very  slowly  the  time  axis,  without  a  well  defined  0- 
crossing  and  without  any  pronounced  anti-correlation. 
Therefirre.  it  seems  that  the  convective  suuctuies.  though 
strongly  organized  in  the  vertical  direction,  are  ntn 
characterized  by  a  typical  pattern  in  the  hori/imtal  plane. 
This  is  due  to  the  interaction  between  the  adjacent 
convective  structures  that  deforms  one  with  the  other  in 
the  horizontal  plane,  while  all  of  them  extend  for  all  the 
CBL  height. 

Finally,  it  .should  he  noticed  that  the  statistics 
ensemble  on  which  the  auhKorrelations  are  computed,  at 
a  give  time  lag  Iq.  includes  all  trajectories  long  enough  to 
"live"  during  a  Iq  time  interval.  As  a  consequence,  at  the 
larger  time  lags,  the  ensemble  is  reduced  and  the 
behavior  of  the  autocorrelations  are  mure  affected  by  the 
variations  due  to  single  trajectories  and  their  trend 
becranes  uncertain. 


Fig.  4  Autocorrelation  coefneient  of  the  horizontal 
velocity  component  as  a  function  of  the  non- 
dimensional  time  lag. 

S3.  Lagrangian  time  scales: 

In  order  to  repie.senl  the  Lagrangian  integral  time 
scale,  the  1/e  scale  is  chosen  (e.g.  the  time  lag  at  which 
the  autocorrelatkm  coefficient  drop  to  the  value  1/e).  As  a 
matter  of  fact,  both  its  proper  defmition  and  the  zero¬ 
crossing  scale  are  not  suitable  for  these  experimental 
data:  it  is  not  pos.sible  to  evaluate  the  time  scale  by 
integration  of  the  autocorrelation  function  because  it  does 
not  stably  approach  the  horizontal  axis  at  the  measurable 
time  lags,  while  the  zero-crossing  is  nut  well  defined  for 
the  horizontal  velocity  autocorrelations  (Hanna  1981). 

The  vertical  profile  of  the  horizontal  and  vertical 
velocity  1/e  time  scale  is  shown  in  figure  .*).  The 
hcnizomal  velocity  scale  is  large  at  the  levels  where  the 
main  motion  is  parallel  to  the  surface,  that  is  in  the 
proximity  of  the  ground  {/J7.M)3)  and  the  CBL  top. 
whereas  it  decrease  in  the  middle  of  the  CBL  where  fluid 


particles  are  mainly  rising  or  descending. 

The  1/e  scale  of  the  vertical  velocity  is  seen  to 
decrease  from  the  bottom  to  the  of  the  CBL,  with 
small  oscillations  opposite  to  the  variations  d  the 
horizontal  scale. 

5.4.  Transilient  matrix: 

The  transilient  matrix  is  a  useful  tool  both  for  the 
detailed  tfescription  (tf  the  mixing  processes  and  for  the 
numerical  modelling  of  non-local  phenranena  in 
horizontally  homogeneous  turbulent  fields  (Snill.  1993). 

Consider  the  CBL  over  a  homogeneous  surface, 
and  a  discretization  of  the  field  with  a  grid  whose  cells 
are  equispaced  horizontal  layers.  Let  C(t.At)  be  the 
transilient  matrix  describing  the  mixing  of  the  CBL  in 
suidy.  the  element  Cij(t.At)  represents  the  fraction  of  air 
mixed  from  the  grid  cell  j  into  the  destiiuuion  cell  i, 
during  a  time  interval  from  t  to  t,At. 

The  physical  meaning  of  the  transielieni  matrix  is 
more  clear  displaying  it  with  the  row  in  reverse  order  so 
that  destinations  near  the  bottom  of  the  CBL  ctHiespond 
to  lower  elements  of  the  matrix,  and  vice-versx  In 
general,  elements  in  tlK  upper  left  comer  of  the  matrix 
represent  rapid  upward  mixing  while  elements  in  the 
lower  comer  represent  the  rapid  downward  mixing. 
Moreover,  the  main  diagonal  elements  Cj  j.  represents  the 
fraction  of  mass  of  the  i-th  cell  that  is  not  involved  with 
mixing  process. 


Fig.  5  1/e  Lagrangian  time  scale  normalized  by  the 
convective  time  vs.  non-dimensional  height 

The  transilient  matrix  can  be  also  used  for  the 
numerical  simulation  of  horizontally  averaged  mixing 
phenomena,  let  S(t)  be  a  vector  reinesenting  the  vertical 
profile  of  the  state  of  a  passive  scalar  (e.g.  the  pollutant 
concentration),  the  vertical  profile  of  the  same  quantity 
alter  a  At  time  interval  is: 
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Transilicnt  Matrix  (t/t*>0.2S) 


Transiliant  Matrix  (t/t*«1.C)0) 


Source  ^z/zi) 

Fig.  6  Transilient  matrix  contour  plot  at  a  time  interval 
t=0.25u 


Source  (z/zi) 

Fig.  9  Transilient  matrix  contour  plot  at  a  time  interval 
t=1.00u 


Transilient  Matrix  (t/t«=0.50) 


Transilient  Matrix  (t/t**1.50) 


Source  (z/zi) 

Fig.  7  Transilient  matrix  contour  plot  at  a  time  interval 
t=0.50t* 

Source  (z/zi) 

Fig.  10  Transilient  matrix  contour  plot  at  a  time  interval 
t=1.50t* 

Transilient  Matrix  (t/t»“0,75) 

Transilient  Matrix  (t/t*“2.00) 

AM  0.40  OM  OM  '40  OUOB  OJO  0>46  OJO  OM  1.4B 

Source  (z/zi) 

Fig.  8  Transilient  matrix  contour  plot  at  a  time  interval 
t=0.75t* 


Source  (z/zi) 

Fig.  1 1  Transilient  mauix  contour  plot  at  a  time  interval 
t=2.0Ute 
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S(l.At)  =  CdJil)  S(l). 

As  a  omsequcnce.  once  the  transiiieni  matrix  is  known, 
the  evolution  of  many  characteristics  of  the  CBL  can  be 
numerically  predicted. 

In  figures  6- 1 1 .  the  contour  plots  of  the  transilient 
matrix  are  shown  at  time  intervals  fnim  0.25  i*  to  2.0 1*.. 
The  axis  represents  non-dimensional  source  and 
destination  height.  Over  short  time  intervals  the  fluid 
disperse  little  from  its  starting  levels,  resulting  in  large 
elements  near  the  main  diagonal  (Inun  top  right  to 
bottom  left).  At  larger  time  intervals,  the  high  values 
spread  friun  the  main  diagonal  to  the  opposite  comers, 
with  a  maximum  in  the  lower  part  of  the  left  Kwda  of 
the  transilient  matrix.  repre.senting  the  slow  downward 
motion.  This  behavior  is  in  agreement  with  the 
probability  distribution  of  the  vertical  velocity. 

Instead,  within  the  region  corresponding  to  the 
Coping  Inversion  (destination  and  source  greater  than 
1.0)  the  higher  values  remain  close  to  the  main  diagonal 
because  ctf  the  thermal  stability  inhibits  the  mixing 
processes. 


6.  CONCLUSIONS 

The  convection  phenmnena  of  the  atmospheric 
boundary  layer  has  been  investigated  from  the 
Lagrangian  point  of  view  by  means  of  a  dedicated  PTV 
system.  Through  the  use  of  a  videorveorder  conuolled  by 
a  personal  computer,  the  seeding  particles  were  tracked 
during  3-*4  integral  time  scale’s  as  they  moved  within  the 
simulation  tank.  As  a  consequence  the  Lagrangian 
statisti''s  have  been  evaluated.  The  convective  layer  of  the 
atmo  ere  was  simulated  in  lui  improved  aspect  ratio 
(zj/taiK.  width  =  10)  with  respect  to  the  former 
measurements  (C3enedese  and  Queraoli  1992).  but  the 
Rayleigh  number  seems  to  decrease  too  much  (Rj^  order 
of  10^)  for  the  phenomena  to  he  completely  independent 
(Ml  it.  In  addition,  senne  praliminary  results  on  the 
experimental  detenninatiiMi  of  the  transilient  mauix  have 
bera  presented.  Fnim  this  matrix  the  behaviour  of  the 
convective  layer  may  be  easily  modeled  as  a  two- 
dimensicMial  i^enomeniHi. 
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ABSTRACT 

Two  2D  flow  visualization  techniques  for  mea¬ 
surement  of  wind  induced  flow  beneath  tne  water  sur¬ 
face  are  presented.  Both  use  a  light  sheet  illumination 
parallel  to  the  main  wave  propagation  and  image  pro¬ 
cessing  techniques  for  the  determination  of  flow  fld(k. 
With  one  technique  the  layer  influenced  by  wave  mo¬ 
tion  and  wind-induced  turbulences  is  observed  using 
Particle  Tracking  Velocimetry  (PTV).  Lagrangian  vec¬ 
tor  fields  are  computed.  The  second  focuses  on  the 
viscous  boundary  layer.  Eulerian  vector  fields  are  pro¬ 
cessed  by  Particle  Image  Velocimetry  (PIV). 

1  INTRODUCTION 

The  study  of  wind-induced  small-scale  transport 
processes  across  the  air-sea  interface  requires  detwed 
measurements  of  the  turbulent  shear  flow  on  both  sides 
of  the  interface.  The  presence  of  wind  waves  make 
the  phmcal  processes  complex  and  measurements  dif¬ 
ficult.  Thus  it  is  not  surprising  that  Imowledge  of  the 
micro-turbulence  close  to  free  mterfai^s  and  its  inter¬ 
action  with  waves  is  still  very  superficial  and  even  basic 
parameters  have  not  been  measured  up  to  date. 

Except  for  some  early  pioneering  Japanese  work 
{Okuda  [10]),  hardly  any  direct  measurements  of  the 
shear  stress  at  the  water  surface  and  the  mean  and 
local  vertical  velocity  profiles  in  the  viscous  bound¬ 
ary  layers  on  both  sides  of  the  interface  are  available. 
Other  important  scientific  issues  include  the  enhance¬ 
ment  of  turbulent  dissipation  by  waves,  the  generation 
and  characterization  of  turbulent  patimes  induced  by 
wave  instabilities  (so-called  ‘micro-scale  wave  break¬ 
ing’)  and  the  interaction  between  wave  motion  and 
the  turbulent  shear  layer. 

Flow  close  to  a  wavy  free  interface  can  hardly 
be  measured  with  any  kind  of  probes  including  laser 
doppler  anemometers.  Thus  non-invasive  techniques 
using  quantitative  flow  visualization  techniques  seem 
to  be  promising.  However,  these  techniques  require 
spedai  adoption  to  the  flow  conditions  close  to  free 
interfaces.  The  basic  difference  is  that  a  much  larger 
range  of  spatial  scales  are  involved.  The  largest  scale 
of  interest  is  the  penetration  depth  of  the  wave  mo¬ 
tion.  For  typical  wind/wave  tunnel  studies,  this  scale 
is  in  the  order  of  10  cm.  The  smallest  scales  are  the 
tiny  residual  velocity  fluctuations  within  the  water¬ 
sided  viscous  boundary  layer  which  is  only  about  one 


millimeter  thick.  It  is  obvious  that  a  single  flow  vi¬ 
sualization  technique  cannot  span  this  wide  range  of 
scales. 

Therefore,  a  two-scale  approach  was  adopted. 
The  first  technique  focuses  on  the  wind-wave  rmated 
scales  in  the  order  of  centi-  to  decimeters,  the  sec¬ 
ond  on  the  flow  within  the  viscous  boundary  layer.  In 
order  to  study  wave-influenoed  transport  processes  it 
is  important  to  obtain  both  Eulerian  and  Lagran^an 
flow  fields.  Consequently,  we  decided  to  use  particle 
tracking  velocimetry  (PTV)  and  optimized  it  to  track 
particles  over  long  sequences  covering  several  wave  pe¬ 
riods. 

A  PTV  technique  is  less  suitable  for  high- 
resolution  flow  measurements  within  the  boundary 
layer.  Because  of  the  small  linage  sector,  particles  stay 
only  a  few  frames  within  the  image  sector.  Thus  a  par¬ 
ticle  imaging  velocimetry  (PIV)  is  used  in  this  case. 

Both  techniques  are  described  in  this  paper.  The 
experimental  setup  is  outlined  in  section  2  and  the  im¬ 
age  processi^  techniques  for  the  PTV  and  PIV  tech- 
mques  are  discussed  in  sections  3  and  4,  respectively. 
Results  from  both  techniques  are  reported  in  section 


2  EXPERIMENTAL  SETUP 
2.1  Particle  Tracking 

Particle  IVacking  Velocimetry  (PTV)  was  chosen 
as  a  tool  for  the  investigation  of  wave  generated  tur¬ 
bulences  and  turbulent  transport.  The  flow  field  was 
dualized  by  small  polystyrol  particles  in  a  light  sheet 
illumination.  The  partides  are  imaged  by  a  GCD  cam¬ 
era  as  streaks.  By  tracking  individual  particle  streaks 
from  one  frame  to  the  next  the  Lagrangian  vector  field 
is  extracted. 

Experiments  were  conducted  at  the  circular 
wind/wave  facility  (perimeter  11.6  m,  width  0.3  m,  wa¬ 
ter  depth  0.3  m)  of  the  Institute  for  Enviroiunental 
Physics  of  the  University  of  Heidelberg  (Germany). 
A  1-3  cm  thick  light  sheet  parallel  to  the  main  wave 
propagation  direction  is  us^  to  illuminate  small  (50- 
150  pm  in  diameter)  polystyrol  (LATEX)  seeding  par¬ 
ticles.  The  depth  of  the  light  sheet  was  chosen  such 
that  the  pairticles  stay  in  the  illuminated  area  long 
enough  to  enable  tracking.  The  light  sheet  is  gener¬ 
ated  from  below  of  the  channel  by  Halogen  lamps.  An 
area  of  typically  14.0  x  10.0  cm^  is  imaged  by  a  stan¬ 
dard  60  CCD  camera  (Pulnix  TM-740  and  l^ny 
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Fig.  1;  The  light  sheet  is  generated  by  a  scanning  the  laser 
beam  over  the  observation  area  (PIV-setup). 

XC75)  with  a  spatial  resolution  of  512  by  480  pixels. 
Due  to  the  movement  of  the  particles  during  the  ex¬ 
posure  time  of  16|  ms,  they  are  imaged  as  streaks. 
The  image  sequences  are  stored  on  a  Laser  Video  Disc 
(Sony  LVR  5000)  for  later  processing. 

2.2  Particle  Image  Velocimetry 

The  setup  for  the  high-resolution  flow  visual¬ 
ization  in  the  aqueous  viscous  boundary  layer  is  also 
realized  at  the  Heidelberg  facility.  Because  veloci¬ 
ties  up  to  20  cm/s  are  expected,  a  high-speed  non¬ 
interlaced  camera  with  a  frame  rate  of  200  frames/sec 
and  256x256  pixel  is  chosen  (Dalsa  CA-Dl).  In  or¬ 
der  to  achieve  sufficient  spatiaJ  resolution  of  the  flow 
visualization  in  the  viscous  boundary  layer  an  image 
sector  of  4  X  4mm^  is  selected.  A  1  to  1  projection 
is  realized  by  two  200  mm  achromatic  lenses,  yielding 
a  resolution  of  16  ^m  and  a  depth  of  focus  of  400  pm. 
At  low  wind  speeds,  (smaller  than  2  m/s)  wave  ampli¬ 
tudes  are  smaller  than  the  image  sector. 

The  camera  is  connected  to  a  digital  camera  in¬ 
terface  of  a  Hyperspeed  XPI-i860  board.  The  images 
are  stored  in  the  RAM  of  the  board  during  the  mea¬ 
surement.  128  MByte  RAM  allow  1800  pictures  (=  9  s) 
to  be  taken  consecutively. 

Seeding  particles  are  produced  by  electrolysis. 
Hydrogen  bubbles  are  generated  on  the  cathode,  of  a 
tungsten  wire  of  50  pm  diameter.  A  potential  of  60  V 
lies  across  the  wire  and  the  anode  at  lO  cm  distance  at 
the  flume  wall.  Since  the  flume  is  filled  with  deionized 
water,  0.15  g/1  NaS04  is  added  to  enable  electrolysis 
|9). 

The  hydrogen  bubbles  have  the  disadvantage 
that  their  density  is  lower  than  water.  Buoyancy 
changes  the  vertical  component  of  the  vector  field. 


Fig.  2:  An  overview  over  the  different  steps  of  image  pro¬ 
cessing,  required  for  the  evaluation  of  the  vector  £M. 

To  evaluate  the  accuracy  of  the  measurements  with 
the  bubbles,  a  campaign  with  acrylic  seeding  particles 
filled  with  dyed  liquid  is  fanned. 

For  illumination  a  TEMOO  IW  argon  ion  laser 
(American  Laser  Corp.,  model  909)  with  a  wavelength 
of  488  nm  is  used.  The  light  is  guided  through  a  fiber 
glas  wire.  A  lens  system  at  the  end  of  the  wire  and 
an  additional  400  mm  lens  enable  an  adjustable  beam 
diameter  between  60  pm  and  2  mm.  Corresponding 
to  the  depth  of  focus  of  400  pm  a  beam  diameter  of 
about  300  pm  is  used.  A  scanner  mirror  generates  a 
light  sheet,  which  is  directed  by  a  second  mirror  into 
the  water  (see  Fig.  1).  The  scanner  mirror  is  driven 
by  a  sinusoidal  signal.  Every  period  of  the  sine  signal 
is  sent  to  the  camera  for  synchronization.  This  yields 
two  dots  for  every  particle  in  one  image  firame.  The 
light  sheet  is  chosen  larger  than  the  picture  frame.  In¬ 
tensity  is  lost,  but  a  nearly  linear  laser  beam  velocity 
in  the  picture  area  is  gained  Due  to  the  movement  of 
the  particles  the  time  inte  ds  between  two  illumina¬ 
tions  axe  not  constant.  Tuxs  results  in  a  small  error 
correlated  to  the  velocity. 

3  IMAGE  PROCESSING  :  PTV 

Several  image  processing  steps  are  required  for 
the  extraction  of  the  flow  fidd  from  the  image  se¬ 
quences  (see  also  Fig.  2).  After  digitization  of  the 
images  with  a  frame  grabber,  each  picture  is  broken 
down  into  its  two  image  fields.  Then  a  specially  devel¬ 
oped  segmentation  teoinique  for  identifying  individual 
particles  from  the  background  follows.  Each  object 
IS  labeled  and  finally  the  correspondence  problem  of 
identifying  the  same  object  in  the  next  image  frame 
is  solved  by  calculating  its  streak  overlap.  Repeating 
this  algorithm  will  track  segmented  particles  tnrough 
the  image  sequence.  Details  can  be  found  in  Herinq  et 
al.  15]. 

3.1  Preprocessing 

An  image  taken  with  a  standard  CCD  camera  at 
a  frequency  of  60  Hz  (NTSC- norm)  actually  consists 
of  two  consecutive  fields  with  only  half  vertical  resolu¬ 
tion.  Therefore  it  is  required  to  split  the  original  gray 
value  image  g(x,y)  into  its  two  fields;  one  field  gi(x,y) 
being  the  odd  and  the  second  field  g2(x,y)  being  the 
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even  rows  of  g(x,y): 

gi{x,y)  =  9(x,2y' +1)  and  (1) 

92(x,y)  =  9(x,2y)  where  y  £  {1...240}  .(2) 

Both  fields  are  interpolated  to  their  original  size  of  480 
X  512  pixels  by  a  cubic  interpolation. 

3.2  Segmentation 

The  histograun  (Fig.  3)  of  a  a  streak  image  shows 
two  distinct  maxima,  at  the  low  gray  values  being  faint 
particle  streaks  and  the  background  and  at  high  gray 
values  bei^  reflections  at  the  water  surface  anof  bright 
particles.  Therefore  the  intensity  of  the  streaks  r^ges 
from  the  very  low  to  the  very  high  gray  value.  Simple 
pixel  based  segmentation  techniques  cannot  be  chosen 
as  the  streak  images  do  not  show  a  true  bimodal  distri¬ 
bution  in  the  histogram.  A  region  growing  algorithm 
was  developed  for  the  discrimination  of  individual  par¬ 
ticles  from  the  background.  Regions  with  similar  fea¬ 
tures  are  to  be  identified  and  merged  together  to  a 
connected  object. 

Firstly  the  image  g(x,y)  is  scanned  through  for 
local  maxima  in  the  intensity,  as  the  location  of  streaks 
is  well  approximated  by  a  local  maximum  gmax(x,y) 
(Fig.  3).  A  minimum  search  horizontally  and  ver¬ 
tically  from  gmax(x,y)  enables  the  calculation  of  the 
peak  height: 

Ay  ~  min(pinax  —  dmin.i)  >  (3) 

gmin.i  being  the  minima  revealed  by  the  minimum 
search.  In  addition  the  half  width  is  measured.  Both 
peak  height  and  half  width  are  required  to  lie  above 
a  threshmd  to  prevent  random  noise  being  a  seeding 
point  for  the  region  growing.  After  these  germ  points 
are  identified  the  growing  algorithm  segments  the  ob¬ 
ject  following  two  rules:  Firstly,  a  pixel  is  accepted 
as  an  object  point  only  when  its  gray  value  is  higher 
than  an  adaptive  threshold,  which  is  calculated  from 
gmin,i  by  interpolation.  For  details  regarding  computa¬ 
tion  the  threshold  see  |4|.  Secondly  only  those  pixels 
forming  a  connected  object  are  considered.  A  result 
of  the  described  segmentation  algorithm  is  shown  in 
Fig.  4.  Each  object  identified  by  the  segmentation  is 
then  labeled  wito  a  flood  fill  algorithm  borrowed  from 
computer  graphics.  The  size  of  each  object  can  then 
be  determined,  and  thereby  large  objects  (reflections 
at  the  water  surface)  removed. 

3.3  Image  Sequence  Analysis 

After  segmentation,  the  correspondence  problem 
of  identifying  the  same  particle  in  the  next  image  frame 
is  solved,  by  calculating  its  ims^e  field  streak  over¬ 
lap:  Some  cameras  (e.g  the  Pulnix  TM640)  show  a 
significant  overlap  6  of  the  exposure  in  two  consecutive 
fields  of  the  same  frame.  The  overlap  of  the  exposure 
time  yields  a  spatial  overlap  of  the  two  correspond¬ 
ing  streaks  from  one  image  to  the  next  (Fig.  5).  An 
AND  operation  between  two  consecutive  segmented 
fields  cjilculates  the  overlap  fast  and  efiBciently  (4).  In 
addition  as  the  temporal  order  of  the  image  fields  is 
known,  the  si^  of  the  vector  is  £ilso  known  and  no 
directional  ambiguity  has  to  be  solved.  However  most 
cameras  do  not  show  such  a  temporal  overlap  in  the 
exposure  time.  In  these  cases  corresponding  particles 
will  only  overlap  due  to  their  expansion  in  space.  Arti- 


histogram 


Fig.  3:  Top:  Original  gray  value  image  of  polystyrol 
seeding  particles  beneath  the  water  surface.  An  area  of 
14.0  X  10.0  cm^  is  imaged.  Middel:  Histogram  of  the  above 
streak  image.  Although  appearing  to  show  a  bimodal  dis¬ 
tribution,  particles  cannot  be  segmented  by  a  threshold. 
Bottom:  Pseudo  3d-plot  of  32  x  32  pixels  of  the  origi¬ 
nal  streak  image.  Streaks  can  clearly  be  identified  as  lo^ 
maxima  in  the  gray  value  distribution. 


22.2.3. 


(5) 


Fi^.  4:  Segmented  image  ot  original  gray  value  picture 
(Fig.  3  top).  501  objects  were  found.  The  ivBections  at  the 
water  surface  were  eliminated  by  tie  labeling  algorithm. 
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Fig.  5:  Tie  temporal  overlap  0  of  tie  exposure  time  in 
two  consecutive  Selds  of  tie  same  frame  yields  a  spatial 
overlap  of  corresponding  streaks. 

ficiallv  this  expansion  can  be  increased  by  the  use  of  a 
morphological  dilation  operator.  The  binary  dilation 
operator  of  the  set  of  object  points  O  by  a  mask  M  is 
defined  by: 


0®M  =  {p:  ,  (4) 

where  Mp  denotes  the  shift  of  the  mask  to  the  point  p, 
in  that  way  that  p  is  localized  at  the  reference  point  of 
the  mask.  The  dilation  of  O  by  the  mask  M  is  there¬ 
fore  the  set  of  all  points,  where  the  intersecting  set 
of  O  and  Mp  is  not  empty.  This  operation  wiU  en¬ 
large  objects  and  typically  smooth  their  border.  For 
more  details  see  (6j.  To  avoid  unnecessary  clustering 
of  the  objects  the  dilation  is  not  calculated  simultane¬ 
ously  for  all  objects  in  an  image  but  for  each  object 
individually.  In  most  cases,  in  particular  for  low  par¬ 
ticle  concentration(<  300  particles/image),  each  par¬ 
ticle  shows  only  the  overlap  with  the  corresponding 
particle  in  the  next  frame.  At  higher  particle  con¬ 
centration,  particles  however  show  overlap  with  up  to 
typically  four  particles  in  the  next  frame.  Thermore 
additional  features  are  required  to  minimize  false  cor¬ 
respondences.  Ideally  the  sum  of  nay  values  for  each 
streak  in  the  image  series  should  be  constant,  due  to 


the  equation  of  continuity  for  gray  values  |4|: 

53  9{x,y)  =  const.  . 

x,V€0 


This  implies  a  particle  at  low  sp^  is  visualized  as  a 
small  bnght  spot.  The  same  particle  at  higher  speed  is 
imaged  as  a  fainter  object  extending  over  a  lar^r  area. 
The  sum  of  gray  values  in  both  cases  should  be  iden¬ 
tical.  Deviations  from  this  ideal  situation  are  caused 
by  segmentation  errors.  Better  results  are  therefore 
gained  by  normalizing  the  sum  of  gray  values  with  the 
segmented  area.  The  normalized  sum  of  gray  values 
being  Gq  for  the  first  frame  and  Gq  for  the  second 
are  requi^  to  lie  above  a  threshold  of  the  confidence 
interval  C; 
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A  similar  expression  can  be  derived  for  the  area  of 
the  objects.  Finally  the  exp^ted  position  of  a  parti¬ 
cle  is  predicted  by  interpolation,  from  the  vector  field 
of  previous  time  steps  [12].  A  x^~fcst  evaluates  the 
probability  that  a  pair  of  particles  match.  Minimizing 
will  maximize  the  likelihood  function. 


3.4  Calculation  Of  The  Displacement  Vector  Field 
Wierzimok  and  Hering  [12]  showed  that  the  cen¬ 
ter  of  gray  value  Xc  of  an  isotropic  object  represents 
the  timely  averaged  two  dimensional  location  (x)^t, 
thus; 


Xc  —  ,  (7) 

where  Xf  is  calculated  from  the  sum  of  all  n  segmented 
pixels  of  a  streak; 


/  " 

i=l _ 

n 

\  $=i 


Eyiff(xi,yi) 

»=1 _ 

n 

i=l 


\ 

/ 


(8) 


Now  the  knowledge  of  the  location  of  the  same 
particlu  in  the  previous  frame  (at  the  time  t- 1)  enables 
the  first-order  approximation  the  velocity  field  u(t); 


u(t)  » 


Xc(t)  -  Xe(t  -  1) 
At 


(9) 


Repeating  the  described  algorithm  will  automat¬ 
ically  track  all  encountered  seeding  particles  from  one 
frame  to  the  next.  The  segmentation  and  tracking 
algorithms  have  been  implemented  on  an  i860  board 
to  achieve  maximum  performance.  Typical  evaluation 
time  of  one  image  including  digitization,  segmentation 
and  tracking  is  10  s.  Long  image  sequences  (200-1000) 
images  can  therefore  be  processed.  Individual  parti¬ 
cles  can  be  tracked  up  to  a  concentration  of  1000  par¬ 
ticles/image. 


4  IMAGE  PROCESSING  :  PIV 


PIV  is  ba^  on  the  idea  to  interpret  particles 
in  an  interrogation  window  as  a  pattern.  This  window 
is  matched  with  the  next  image  of  the  same  sequence. 
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The  spatial  shift  of  that  pattern  to  the  sequential  im¬ 
age  yields  the  mean  displacement  vector  of  the  parti¬ 
cles  [1|.  This  is  the  major  difference  to  PTV,  where 
single  articles  are  tracked  from  frame  to  frame. 

Typically  an  area  of  32x32  is  chosen  as  the 
matching  window  |11J.  The  spatial  shift  of  the 
pattern  is  computed  via  a  two  dimensional  discrete 
cross  correlation  C(iJ,t,At)  of  the  two  sampled  areas 
g(ig,t),h(iJ,t-t-At),  where  g(ij,t),  h(ij,t-f-At)  denotes 
the  gray  v^ue  at  the  position  ij  at  the  time  t  respec¬ 
tively  t-l-At,  At  being  the  time  interval  between  two 
images: 


a(m  +  i,»  +  .1  + At) 

=  - - - - - , 

At) 

ms  — OD  fis— OD  ms  — oe%s  — eo 

(10) 

In  other  words,  the  first  picture  area  g(ij,t)  is 
shifted  pixelwise  over  the  second  h(ij, t-l-At),  multi¬ 
plied  to  the  corresponding  gray  values,  summed  up  and 
normalized.  The  result  is  stored  in  the  cross  correla¬ 
tion  function  C(iJ,t,At)  corresponding  to  the  shifting 
vector  (iJ).  The  correlation  function  is  in  the  inter¬ 
val  [0, 1],  1  being  the  value  for  perfectly  matching  pat¬ 
terns,  and  0  for  non  matching  ones.  The  coordinates  of 
the  maximum  of  the  cross  correlation  function  equals 
therefore  to  the  most  probable  spatial  shift  vector.  It 
is  however  inconvenient  to  calculate  the  cross  correla¬ 
tion  function  in  the  above  described  way,  due  to  the 
enormous  processing  time.  Similar  to  the  convolution, 
which  is  a  multiplication  in  the  Fourier  space,  the  cross 
correlation  is  the  complex  conjujgated  multiplication 
in  Fourier  space.  Therefore  the  picture  areas  are  both 
Fourier  transformed  and  the  first  multiplied  with  the 
complex  conjugated  of  the  second. 

Ciu,v)  =  g{u,v)h’(u,v),  (11) 

C(u,v),g{u,v)  and  h‘(u,v)  being  the  Fouriertrans- 
formed  of  C,g,h  with  the  wavenumbers  u,v. 

The  back  transformation  of  C(u,v)  yields  the 
cross  correlation  function  of  the  interrogation  win¬ 
dows.  On  digital  images  the  discrete  Fourier  trans¬ 
formation  is  realized  by  a  fast  fourier  algorithm  FFT, 
requiring  fewer  processing  steps,  thus  saving  process¬ 
ing  time. 

The  detection  of  the  peak  in  the  cross  correla¬ 
tion  is  often  difficult,  because  of  noise  in  the  correlation 
function.  In  addition  the  peak  tends  to  broaden,  due 
to  the  gaussian  form  of  the  particles  and  from  veloc¬ 
ity  nadients  in  the  picture  area.  On  the  other  hand 
this  oroadening  is  used  for  sub  pixel  accuracy  process¬ 
ing  via  a  center  of  mass  algorithm.  The  noise  results 
from: 

•  noise  in  the  picture  areas, 

•  three  dimensional  movement  in  and  out  of  the 
light  sheet, 

•  two  dimensional  movement  of  particles  through 
the  boarders  of  the  picture, 

•  other  particle  patterns  that  randomly  match  up 
w'ith  tne  sampled  picture  area. 

In  other  words  the  detected  peak  correlates  not 
always  to  the  real  displacement  vector.  The  quotient  of 
the  highest  peak  with  the  second  is  used  as  a  measure 


position  [cm] 

Fig.  6:  TT&jectories  of  seediag  particles  beneath  wind  in¬ 
duced  water  waves. 

of  confidence  for  the  results  |7].  Displacements  larger 
than  half  the  interrogation  window  can  not  be  sepa¬ 
rated  from  displacements  in  the  opposite  direction  af¬ 
ter  back  transformation  of  C(u,v)  (Nyquist  theorem). 

Corresponding  to  the  relatively  high  velocities  of 
20  cm/s  in  the  boundary  layer  spatial  displacements 
up  to  64  pixels  are  expected.  In  order  to  enable  the 
evaluation  of  these  pictures  a  multi  grid  algorithm  was 
developed  |3].  It  divides  the  processing  in  two  steps. 
First  an  estimate  of  the  displacement  vector  is  evalu¬ 
ated.  This  estimate  is  used  to  shift  the  second  window 
over  the  first  in  such  a  way  that  they  overlap  as  good 
as  possible.  The  estimate  is  obtained  on  higner  levels 
of  a  gaussian  pyramid  and  by  taking  neighbouring  vec¬ 
tors  into  account  [6|.  Processing  on  the  higher  levels  of 
the  pyramid  saves  processing  time.  The  algorithm  was 
developed  on  the  second  levm  of  the  pyramid,  enabling 
the  detection  of  displacements  up  to  32  pixel. 

5  RESULTS 

Fig.  6  shows  a  typical  result  of  trajectories  be¬ 
neath  water  waves  at  a  wind  speed  of  4.2  m/s.  100 
images  were  processed.  For  presentation  only  a  frac¬ 
tion  of  the  trajectories  were  {dotted.  Only  trajectories 
tracked  over  90  image  frames  (3  s)  were  considered. 
Many  particles  can  be  tracked  from  the  moment  en¬ 
tering  into  the  light  sheet  until  leaving  the  area  of  ob¬ 
servation. 

First  results  for  the  boundary  layer  are  avail¬ 
able  for  low  velocities  (see  Fig.  7).  The  results  yield 
a  nearly  exponential  decrease  of  velocity  with  water 
depth  as  expected.  The  boundary  layer  thickness  of 
2  mm  was  estimated  from  the  tangential  curves  on  the 
drift  velocity  profiles.  This  result  is  in  good  agree¬ 
ment  to  measurements  of  [8].  Munsterer  measured  the 
aqueous  mass  boundary  layer  thickness  with  a  laser- 
induced  fluorescence  (LIF)  technique. 
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Fig.  7:  Top:  IkiTbuleBt  velocity  proSIe  in  the  Srst  10  cm 
beneath  water  waves  at  three  different  wind  speeds.  Bot¬ 
tom:  High  resolution  prohle  in  the  viscous  boundary  layer. 

In  addition  the  friction  velocity  u.  can  be  calcu¬ 
lated  from  the  drift  velocity  gradient  (Fig.  7  bottom): 


V  being  the  kinematic  viscosity  of  water.  Friction  ve¬ 
locities  of  u,  =  0.14  cm/s  for  1.2  m/s  wind  speed  and 
0.16cm/s  for  1.5  m/s  are  found.  Basinger  (2]  measured 
friction  velocities  of  u.  =  0.15  cm/s  for  1.2  m/s  wind 
speed  and  0.18  cm/s  for  1.5  m/s  derived  from  the  bulk 
velocities. 

6  OUTLOOK 

At  higher  wind  speeds,  when  the  wave  ampli¬ 
tude  gets  larger  than  the  imaged  sectors,  a  wave  fol¬ 
lower  has  to  be  used.  Such  a  system  suitable  for  flow 
visualization  is  currently  developed.  Additional  flow- 
visualization  in  the  air-sided  viscous  boundary  layer  is 
planned. 
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ABSTRACT 

Authors  have  developed  a  new  imaging  system  for 
quantitative  flow  visualization  utilizing  infiared  lasers  and 
compact  CCD  video  cameras,  v^ch  occupies  a  small  qpace 
with  the  least  increase  of  mass.  Applying  the  system  to  the 
measurement  of  the  rotating  flows  in  a  cylindrical  vessel, 
velocity  distributions  and  locations  of  vortex-breakdown 
were  measured  quantitatively  at  both  steady  states  and 
transient  procedures.  The  binary-image  correlation  method, 
^ch  is  a  method  of  particle  tradung  velocimetries,  was 
applied  to  the  measurement  of  velocity  distributions  in  a 
horizontal  cross  section. 

1.  INTRODUCTION 

The  spin-down  and  spin-up  processes  of  the  flow  in  a 
cylindrical  vessel  has  been  interested  in  many  aspects  in  the 
Held  of  fluid  and  heat  transfer  engineering  field.  A  steady 
circulating  flow  appears  in  a  closed  cylindrical  vessel,  when 
an  upper  end-wall  is  rotated  about  its  axis.  Rotating  about 
the  axis,  the  fluid  circulates  also  in  a  vertical  direction  going 
upward  along  the  axis.  The  flow  exceeds  a  critical  Reynolds 
number,  a  stagnation  point  appears  on  the  axis  and  a  local 
recirculation  is  formed  at  the  upper  side.  This  phenomenon 
is  called  a  vortex  breakdown.  Vogel(l%8)  had  studied  the 
vortex  breakdown  experimentally,  and  showed  the  stability 
boundaries,  i.e.  domains  udiere  vortex  breakdown  can  be 
observed  on  a  plane  expressed  by  the  Reynolds  number 
versus  the  aspect  ratio  of  the  vessel.  Later,  Escudiet<1984) 
had  stuui^  the  flow  precisely  by  using  both  approaches  of 
experimental  and  numerical  analysis.  Although  his 
experimental  study  have  been  made  in  the  wide  Reynolds 
number  range  and  for  various  aspect  ratios,  his  quantitative 


velocity  measurenaents  have  been  limited  within  steady 
states.  Lopez(1990)  showed  numerical  results  for  the 
phenomena  during  a  transient  procedure  of  q|mi-up,  in 
which  the  rotation  rose  up  instantaneously. 

Authors  have  attempted  to  measure  transient  flows  at  the 
Reynolds  number  up  to  20000  using  a  particle  tracking 
velocimetryfPIV).  Experimental  measurement  of  velocity 
distributions  in  a  rotating  vessel  is  not  easy  even  in  steady 
states.  E&txcially,  in  the  case  of  transient  flow,  quantitative 
measurements  of  a  instantaneous  velocity  distribution  had 
been  almost  impossible  before  the  techniques  of  quantitative 
flow  visualization  have  been  developed.  The  present  study  is 
planed  not  to  siqipleinent  Escurdiei's  steady  state 
experiments  but  to  extend  quantitative  measurements  to  the 
transient  flow. 

In  order  to  measure  and  observe  the  flow  relative  to  the 
vessel,  the  measuring  system  have  to  be  installed  on  the 
turn  table.  From  an  experimental  point  of  view,  lighter 
components  in  the  measuring  system  are  preferable,  because 
strong  centrifugal  forces  may  causes  many  difficulties  in  the 
experiments.  Recent  advancement  in  the  micro-electronics 
technologies  have  solved  the  problem  by  offering  light 
weight  and  conqmct  instruments,  which  can  be  installed  on 
the  turntable  without  serious  increase  of  the  force. 


2.  EXPERIMENTAL  AND  MEASURING  SYSTEM 

When  a  cylindrical  vessel  is  rotated  about  the  vertical  axis, 
the  flows  in  the  vessel  exhibit  very  interesting  behavior.  One  of 
the  objects  of  the  present  study  is  to  measure  the  transient 
flows  during  the  spin-up  and  spin-down  process  quantitatively. 
The  structure  of  the  experimental  system  is  shown  in  figure  1 . 
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A  CCD  camera  and  an  illuminating  system  are  set  on  a 
tum  table  together  with  the  cylindrical  vessel  which  is  fliled 
with  viscous  liquid.  The  dimensions  of  the  vessel  is  142.7 
mmID  and  330  mm  height.  A  video  camera  is  installed  at  the 
bottom  of  a  hollow  conical  shaft  to  observe  the  flow  in  a 
horizontal  plane  from  the  axial  direction  as  shown  in  figure  2. 
An  upper  shaft  can  be  driven  either  synchronously  with  the 
lower  shaft  or  independently.  An  additional  camera  can  be 
installed  in  the  upper  shaft  when  the  flow  relative  to  the  shaft 
is  observed.  As  shown  in  the  figure,  signals  and  electrical 
power  are  transferred  and  fed  via  slip-rings.  Figure  3  shows 
the  experimental  setups  schematically . 

In  order  to  illuminate  a  horizontal  plane  of  the  vessel  from 
both  sides,  beams  of  two  infiared  laser  diodes  are  converted 
to  2mm-thickness  light  sheets.  Each  diode  emits  780  run 
infrared  light  and  its  nominal  output  is  30  mW.  A  infiared-cut 
filter  in  front  of  the  image  sensor  is  removed  to  obtain  the 
maximum  sensitivity  of  the  CCD  camera. 

A  small  amount  of  fluorescent  dye  is  introduced  from  a 
center  of  the  bottom  to  visualize  flow  patterns,  fiom  which 
the  location  of  vortices  are  measured.  Instantaneous  velocity 
distributimis  are  measured  using  the  binary-image  correlation 
method(BCM),  vidiich  is  developed  by  Uemura  et  al(I991)  as 
one  of  the  techniques  of  particle  tracking  velocimetryfPTV), 
and  is  able  to  analyze  video  pictures  of  moving  particles 
efllciently.  Small  plastic  spheres  are  dispersed  as  tracers  for 


thePTV. 

The  primary  parameters  of  the  experiments  are  the 
Reynolds  numberfRe)  and  the  aspect  ratiofA)  of  the  vessel. 
They  are  defined  in  equation  ( 1 )  and  (2),  reflectively. 


22.3.2. 


Figure  3.  Schematic  overview  of  experimental  settings. 


Figure  4.  Ar<  example  of  flow  patterns  in  a  vertical  plane  in  the 
steady  state. 


Re=R(X)^fv  (I) 

A=H/R  (2) 

where,  R  denotes  a  radius  of  the  vessel,  to  is  the  angular 
velocity,  and  H  is  the  depth  of  the  liquid. 


.3  EXPERIMENTS 

In  order  to  examine  the  new  experimental  system,  two 
series  of  experunents  have  been  done  for  two  different 
boundary  conditions.  In  the  first  series  of  the  experiments,  the 
vessel  with  an  open  surface  was  rotated.  In  the  second  series, 
the  surface  of  the  vessel  is  closed  by  a  circular  disk.  And  the 
disk  drives  the  liquid  in  the  vessel  by  rotating  about  the  axis. 
Viscosity  of  the  liquid  is  increased  by  adding  cane  sugar  to 
waterf  1 5  wt%). 

In  order  to  measure  the  locatim  of  the  vortices,  the  flow  is 
visualized  by  fluorescent  dye,  which  is  introduced  from  the 
center  of  the  bottom.  Figure  4  is  an  example  of  flow  pattern 
exhibiting  two  vorticesf  double  vortex  breakdown  )  in  a 
vertical  plane  of  the  closed  surface  vessel  at  steady 
equilibrium  state  at  Re=2000.  Flow  patterns  in  the  vertical 
axial  plane  and  horizontal  cross  sections  are  pictured  not  only 
in  the  steady  state,  but  also  during  tlie  spin-up  and  spin-down 
processes.  In  the  spin-up  process,  the  system  is  rotated 
suddenly  and  accelerated  from  rest  to  30  rpm  in  a  dxnt  time. 
In  the  spin-down  process,  the  rotation  is  stopped 
instantaneously  fhnn  30  rpm  to  rest. 

Velocity  distributions  in  horizontal  planes  are  measured 
using  the  binary-image  coirelation  method.  In  the  velocity 
measurement,  spherical  polystyrene  beads  axe  used  as  tracers 
which  diameter  is  about  0.9  mm  and  density  is  1.04.  The 

tracer  particles  can  be  observed  clearly  as  shown  in  figure  S. 


Figure  S.  A  picture  of  spherical  polystyrene  beads  with 
diameter  0.9  mm  and  density  1 .04. 
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4  EXPERIMENT^'!.  RESULTS 


Figure  6  shows  an  example  of  instantaneous  velocity 
distribution  in  the  middle  horizontal  plane  in  the  open  surface 
vessel  rotating  at  30  rpm.  The  square  frame  in  tlie  figure 
shows  dimensions  the  measuring  window.  In  the  correction 
process  of  the  PTV  measurement,  those  vectors  which  have 


Figure  6  An  instantaneoiLs  velocity  vectors  measured  in  the 
middle  horizontal  plane  in  the  open  surface  vessel  rotating  at 
30.34  rpm. 


relatively  large  difference  to  neighbouring  vectors  have  been 
regarded  as  erroneous  and  removed. 

Some  results  of  velocity  measurements  are  shown  in 
Figure  7  and  8  .  In  the  figure  7,  some  correlations  between 
tangential  components  of  velocities  and  radial  distances 
during  the  spm-up  process  are  shown.  The  straight  diagonal 
line  shows  a  solid  rotation  for  a  reference.  Although  those 
plots  are  rather  scattered,  the  timewise  variations  of  the 
velocity  distributions  can  be  recognized. 

Figure  8  shows  decay  of  velocity  distributions  during  the 
spin-down  procedure  at  the  similar  experimental  conditions. 
By  comparing  these  two  figures,  it  is  quantitatively 
recognized  that  the  spin-down  process  can  calmed  down  from 
the  center  and  the  wall  sides  And  in  the  spin-up  procedure, 
fluids  around  the  center  stays  unmoved  rather  long  time. 

In  the  case  of  the  surface  of  the  vessel  is  closed  by  a 
circular  plate,  the  ceiling  disk  rotates  at  ISO  rpm  and  drives 
the  fluid  instead  of  the  vessel.  An  experimental  result 
measured  under  the  condition  at  the  Reynolds  number 
Re=1767  and  the  aspect  ratio  H/R=\.1S  is  shown  in  figure  9, 
which  shows  a  velocity  distribution  in  a  horizontal  plane, 
which  slices  a  bubble  vortex  on  a  a.xis.  The  velocity  vectors 
are  obtained  by  analysing  consecutive  sixteen  pictures  of  one 
half  second.  A  inner  circle  in  the  figure  exhibits  an  estimated 
vortex  region.  Correlations  between  the  tangential  velocities 
and  the  radial  distances  are  shown  in  ftgure  10,  in  which 
is  a  radius  of  the  vortex  bubble  measured  by  the  fluorescent 
dye  visualization.  There  found  two  different  distribution  for 
inside  and  outside  the  vortex  bubble.  And  the  velocity 
distribution  inside  the  bubble  is  not  linear. 
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Figure  8.  .Correladons  between  tangential  conqxjnents  of  velocities  and  radial  distancea  during  the  q>in-down  process. 


0.1  m/s 


Figure  9.  Velocity  distribution  in  a  horizontal  plane  containing 
a  bubble  vortex.  Mesuied  from  sixteen  consecutive  pictures. 
Re«1767.IMl=1.75. 


5.  CONCLUSIONS 


The  compact  system  fm  a  quantitative  flow  visualizadoo 
utilizing  infrared  laser  diodes  combined  with  a  IR  sensitive 
CCD  camera  and  IR  film  is  confinned  to  be  a  usefid  tool  to 
investigate  the  rotating  system.  By  using  the  system,  both 
spin-down  and  ^iin-<q>  process  are  measured  quantitatively 
for  two  difierent  the  vessels  with  a  closed  surface  and  a  open 
surface. 
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Figure  10.  Correlations  between  tai^ential  velocities  and  the  radial  distances  for  same  data  in  figure 
Rb  is  a  radius  of  a  vortex  bubble. 
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ABSTRACT 

A  new  technique  visualizing  quantitative  velocity  distribu¬ 
tions  of  flow  has  been  developed  by  using  Multiplexed  Matched 
Spatial  Filtering  method  for  image  processing  of  particle  dis¬ 
placement  loci  in  flow.  At  the  present,  particle  image  displace¬ 
ment  (PID)  method  is  used  for  quantitative  visualization  of  two 
dimensional  velocity  distributions.  In  this  method,  many  image 
pairs  of  the  seeded  particles  in  the  multiphase  flow  are  photo¬ 
graphed  on  the  negative  film  by  double  exposure.  The  direction 
and  the  magnitude  of  velocities  are  measured  from  the  direction 
and  space  of  the  Young's  interference  patterns,  which  are  scat¬ 
tered  from  the  negative  film  illuminated  by  the  coherent  laser 
beam.  The  map  of  equal  velocity  distribution  is  reconstructed  by 
the  partial  light  of  Young's  interferogram  passing  through  a 
pinhole  set  at  an  arbitrary  angle  and  distance  from  the  center  of 
the  beam  axis  on  the  back  focal  plane  of  a  Fourier  transform 
lens.  The  technique  using  a  pinhole  set  at  the  back  forcal  plane 
has  the  shortcomings  that  the  image  of  visualization  is  inaccu¬ 
rate  and  dark  because  of  using  partial  light  from  Young's  inter¬ 
ferogram  and  that  the  orientation  of  flow  can  not  be  identified. 
Therefore,  a  new  technique  using  the  Multiplexed  Matched  Spatial 
Fi 1 taring (MMSF)  method  is  proposed  to  overcome  these  defects. 
Being  illuminated  the  seeded  particles  suspended  in  the  flow  with 
a  double  exposed  sheet  light  in  a  short  time  and  a  long  time, 
loci  of  particle  images  in  the  flow  like  as  letter  "i"  are  taken 
for  a  photograph  on  the  negative  film.  The  orientation  of  image 
pattern  "i"  which  is  the  locus  of  particle  displacement  shows  the 
orientation  of  flow.  The  orientation  and  magnitude  of  flow  veloc¬ 
ities  can  be  identified  by  a  MMSF  constructed  from  the  diffrac¬ 
tion  patterns  depending  on  the  orientation  and  the  length  of  the 
reference  image  pairs  which  are  loci  of  particle  displacement  in 
the  modefied  double  exposure  time. 

The  direction  of  plus  or  minus  in  velocity  of  flow  can  be  imme¬ 
diately  discriminated  by  this  technique.  Image  processing  is  done 
in  real  time  and  the  accuracy  of  the  measured  velocity  is  very 
high  in  this  method. 


1 . INTRODUCTION 


On  the  quantitative  visualizing  method  for  the  velocity  distri¬ 
butions  of  flow,  there  are  two  methods,  those  are,  the  digital 
correlation  method  which  determine  the  velocity  derived  from  the 
distance  of  displacement  of  seeded  particles  in  flow  in  unit 
timetl],  and  the  analogous  correlation  method  that  is  the  laser 
speckle  method  called  Particle  Image  Displacement (PID)  method(2]. 

In  the  digital  correlation  method,  the  techniques  which  deter¬ 
mine  the  vector  of  velocity  derived  from  the  distance  of  two 
images  for  the  same  particle  taken  on  the  each  two  photographs  at 
small  time  difference,  and  derived  from  the  correlation  of  two 
image  groups  of  plural  particles  on  the  two  photographs  are 
there. 

On  PID  method,  the  seeded  particles  suspended  in  the  flow  are 
taken  on  a  photograph  with  double  exposure  of  sheet  light,  the 
image  loci  of  particles  are  taken  on  photograph  in  a  negative 
film.  The  image  pairs  of  particle  displacement  taken  on  a  nega¬ 
tive  film  being  irradiated  by  a  parallel  coherent  laser  beam,  the 
diffracted  light  scattered  from  the  speckle  pair  forms  the  inter¬ 
ference  pattern  named  Youngs  interference  pattern  at  the  back 
focal  plane  of  the  convex  lens. 

The  velocity  and  its  direction  of  flow  can  be  determined  from 
the  space  and  direction  of  the  Yongs  interference  pattern.  In  the 
PID  method  there  are  two  technigues  which  can  determine  the  local 
velocity  and  the  velocity  contour  map  in  flow.  That  is.  Youngs 
interef erence  pattern  method  (the  technigue  measuring  local 
velocity)  derived  from  the  displacment  of  local  speckel  pairs  on 
the  negative  film,  and  the  quantitative  visualizing  technique 
making  contour  map  of  equal  velocity  vectors,  which  sets  the 
pinhole  at  the  Fourier  transform  plane,  takes  only  the  same 
magnitude  and  direction  of  vector  of  flow,  foms  images  of  speckle 
pairs  corresponding  to  a  certain  component  of  flow  velocity  at 
the  imaging  plane,  and  foms  the  contour  map  of  equal  velocity 
vectors  of  flow  in  the  all  of  the  view.  With  comparison  of  these 
methods,  digital  correlation  methed  has  a  defects  which  take  a 
lot  of  time  and  devote  the  labor  to  determine  the  vectors  of 
displacement  of  many  particles,  the  time  correlation  method  which 
takes  the  correlation  with  changing  positions  of  particles  in  a 
time  in  flow  have  defects  that  the  measured  values  are  different 
with  the  size  change  of  the  compared  area  measuring  the  particle 
images  in  a  shearing  time,  and  that  a  lot  of  calculating  time 
with  a  large  computer  is  needed  to  process  the  data. 

In  the  comparison  with  those  methods,  the  PID  method  that  is 
analogous  technique,  has  the  advantage  that  the  digital  tech¬ 
niques  can  not  have,  these  are  applicable  to  measuring  velocity 
in  high  dense  particle  image  pairs  and  to  rapidity  of  data  proc¬ 
essing,  and  high  precise  on  measured  values.  Therefore,  at 
present,  to  measure  the  two  dimensional  distributions  of  veloci¬ 
ties  in  flow,  people  pay  attention  to  the  PID  method. 

Nevertheless,  following  defects  are  there  in  the  PID  method. 
Those  are,  in  the  measuring  local  sr  when  Youngs  interference 
pattern  is  formed  from  the  speckl  irs  irradiated  by  laser 
beam.  Youngs  interference  pattern  doe  iot  appear  in  case  of  high 
density  of  speckle  pairs,  the  enormous  time  and  immense  labor  are 


22.4.2. 


needed  to  measure  the  velocity  in  all  of  view  with  the  technique 
measuring  locally  because  reading  out  a  lot  of  spaces  and  direc¬ 
tions  of  Youngs  patterns  at  all  point  in  flow.  Other  defects  are 
there  in  the  PID  method  to  measure  equalvelocities  contour  map. 
Laser  beam  for  reconstruction  irradiating  to  the  complexed  speck¬ 
le  pairs,  the  bright  spots  forming  the  equal  velocity  contour  map 
at  the  imaging  plane  of  lanse  can  not  show  the  correct  equal 
velocity  contour  map,  because  Youngs  interference  patterns  in  all 
sizes  and  directions  are  constructed  around  at  the  center  of  the 
beam  axis  and  the  parts  of  each  Youngs  interference  pattern 
passes  through  a  pinhole  set  at  the  Fourier  transform  plane, 
respectively. 

As  above  mentioned,  a  lot  of  things  have  to  be  improved  are 
there  in  the  techniques  measuring  two  dimensional  flow  veloci¬ 
ties.  Moreover,  the  technique  adequately  determining  the  direc¬ 
tion  of  plus  and  minus  in  flow  velocity  has  not  been  developed  in 
the  present  techniques.  Since,  a  new  measuring  technique  of  the 
flow  velocity  using  Multiplexed  Matched  Spatial  Filter  (MMSF)  has 
been  developed  to  distinguish  the  direction  of  plus  and  minus  of 
flow  velocity,  and  to  determine  and  display  the  velocity  in  local 
and  equal  velocities  contour  map  in  the  all  of  view  immediately, 
moreover  to  develop  the  technique  being  able  to  separate  parallel 
and  display  immediately  the  contour  maps  of  the  different  veloci¬ 
ties,  respectively. 


2.  PARALLEL  IMAGE  PROCESSING  FOR  VISUALIZING  THE  CONTOURS  OF 
EQUAL  VELOCITIES  IN  FLOW 

The  method  which  can  simultaneously,  precisely  and  rapidly 
discriminate  a  certain  length  and  direction  of  loci  of  particles 
in  flow  by  the  Multiplexed  matched  Spatial  FiltertS]  has  been 
examined  by  authours[4].  In  Fig.  1,  the  schematic  diagram  of  the 
optical  data  processing  system  which  can  correctly  discriminate 
the  loci  of  particlfcis  for  each  veloi  ity  components  in  flow  and 
simultaneously  display  their  contours  by  a  MMSF  is  shown.  The 
negative  film  on  -^hich  the  loci  of  flow  particles  photographed 
being  set  at  the  frontal  focal  plane  PI  of  Fourier  transform  lens 
LI  ,  the  diffraction  patterns  scattered  from  the  loci  of  flow 
particles  being  filtered  by  a  MMSF  set  at  the  back  focal  plane  P2 
of  lens  LI  ,  the  auto  -correlation  peaks  discriminating  the  same 
loci  of  flow  particles  as  the  reference  loci  aligned  on  the  MMSF 
appear  at  the  back  focal  plane  P3  of  imaging  lens  L2.  Now,  the 
MMSF  is  constructed  on  a  holographic  plate  from  the  pattern 
optically  interfered  by  both  the  diffraction  patterns  of  refer¬ 
ence  loci  set  at  the  plane  PI  and  the  reference  parallel  beam. 

A  50  mW  He-Ne  laser  was  used  as  the  light  source.  The  Fourier 
transform  lens  L1  and  imaging  lens  L2  had  the  focal  length  of 
f1=f2=  200  mm  and  the  diameter  of  100  mm.  An  interferometer  was 
incorporated  in  forming  an  optical  Matched  Filter.  The  diameter 
of  both  reference  beam  and  object  beam  was  40  mm  in  the  con¬ 
structing  MMSF,  while  the  diameter  of  reserved  region  for  pattern 
recognition  could  be  reduced  to  20  mm.  The  loci  of  particle 
images  recorded  on  a  plate,  KONIKA  HRP  N-II,  were  employed  as 
references  and  the  loci  of  particle  images  in  flow,  recorded  on  a 
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mini -copy  film  HR-II,  were  used  as  input  objects.  A  composition 
>f  the  input  objects  could  be  positioned  within  the  beam  width  20 
mm.  The  output  correlation  peaks  at  plane  P3  were  recorded  on  the 
photographic  film  or  were  fed  into  a  frame  memory  via  CCD  camera. 
A  micro-computer  then  performed  an  optical  intensity  level  proc¬ 
essing.  The  Agfa-Holotest  emulsion  8E75  was  used  in  forming  a 
Matched  Filter,  using  D-19  for  developing. 

Four  rectangles  were  used  as  the  reference  patterns  of  the 
filter.  An  example  is  depicted  in  Fig. 2 (a)  for  the  composition  of 
reference  patterns  and  in  Fig. 2(b)  for  the  composition  of  input 
objects.  The  four  sorts  of  rectangles  implying  four  different 
velocities  could  be  distinguished  from  the  length  of  particle 
loci  lying  in  the  X  and  Y  directions,  as  shown  in  Fig. 3.  In 
Fig. 2,  (a)  and  (b)  imply  the  location  of  reference  figures  of 
particle  locus,  the  measured  loci  of  particle  image  displacement, 
respectively.  In  the  four  measuring  fields  in  Fig. 3 (a)  corre¬ 
sponding  to  the  field  of  each  reference  locus  shown  in  Fig. 2 (a), 
the  bright  spots  show  the  signals  distinguished  the  same  locus  in 
the  measured  field  shown  in  Fig. 2(b).  The  auto-correlation  sig¬ 
nals  processed  by  a  certain  threshold  level  of  light  intensity 
which  show  the  discriminated  results  are  displayed  in  Fig. 3(b). 
These  signals  appear,  in  each  measuring  field  shown  in  Fig. 2(a), 
skew-symmetrically  to  the  positions  of  measured  particles  shown 
in  Fig. 2(b). 


3.  VISUALIZING  CONTOUR  MAPS  OF  EQUAL  VELOCITY  INCLUDING  DIREC¬ 
TION  OF  VECTOR  IN  FLOW 

A  new  technique  processing  special  PID  data  with  a  MMSF  has 
been  developed  to  discriminate  the  direction  and  magnitude  of 
flow  velocity  vectors  simultaneously  and  to  visualize  the  equal 
velocity  contour  maps  instantaneously.  Being  illuminated  the 
seeded  particles  suspended  in  the  flow  with  a  double  exposed 
sheet  light  in  a  short  time  and  long  one,  loci  of  particle  images 
in  the  flow  lika  as  letter  "i"  are  taken  for  a  photograph  on  a 
negative  film.  The  orientation  and  magnitude  of  flow  velocities 
can  be  identified  by  a  MMSF  constructed  from  the  diffraction 
patterns  of  letters  "i".  The  map  of  the  quantitative  visualizing 
velocity  distributions  by  a  MMSF  is  shown  in  Fig. 4.  In  Fig. 4,  (a) 
shows  the  composition  of  reference  velocity  patterns  constructing 
a  MMSF,  (b)  shows  a  distribution  of  measured  loci  of  flow  parti¬ 
cles,  and  (c)  shows  maps  of  the  output  correlation  peaks  (auto¬ 
correlation  peaks)  implying  maps  of  four  equal  velocities,  ap¬ 
pearing  at  the  plane  P3.  The  experimental  results  show  that  the 
direction  of  plus  and  minus  in  velocity  of  flow  can  be  immediate¬ 
ly  and  simultaneously  discriminated  by  this  technique.  Auto¬ 
correlation  peaks  discriminating  the  velocity  vectors  in  direc¬ 
tion  of  X  and  Y  axies  or  plus  and  minus  are  displayed;  at  left 
hand  side  and  right  hand  side:  six  auto-correlation  peaks  and 
each  five  auto-correlation  peaks  in  a  double  line,  respectively, 
at  top  right  and  bottom  left:  seven  peaks  and  each  five  peaks  in 
a  triple  row,  respectively. 

Using  the  optical  image  processing  technique  and  special  double 
exposed  PID  method,  components  of  vortexes  can  be  determined.  In 
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Fig. 5,  the  experimental  result  determining  the  model  components 
of  vortex  is  shown.  In  the  figure,  (a)  shows  the  composition  of 
reference  circular  loci  impling  model  velocity  components  of 
double -exposed  vortex,  (b)  shows  the  distribution  of  measured 
model  loci,  and  figure  (c)  shows  the  output  signals  of  auto¬ 
correlation. 

Fig. 6  shows  the  experimental  result  for  identification  test 
investigating  the  precision  of  the  measurement  of  flow  velocities 
visualized  with  one  reference  velocity  pattern.  In  Fig. 6,  figure 
(a)  shows  the  reference  pattern,  (b)  shows  the  size  distribution 
of  measured  flow  patterns,  (c)  shows  the  output  correlation  peaks 
at  plane  P2.  For  the  same  size  of  measured  pattern,  auto¬ 
correlation  peak  can  be  seen  strongly  in  figure(c).  In  response 
to  lowering  the  threshold  level  of  the  intensity  of  correlation 
peaks,  size  difference  identified  as  the  same  size  for  the  refer¬ 
ence  pattern  increases  as  long  as  5  %  difference. 

The  special  PID  pais  in  flow  is  taken  on  a  negative  film  in 
experiment  as  shown  in  Fig. 7(b).  Special  PID  pairs  are  discrimi¬ 
nated  using  a  MMSF  of  which  reference  patterns  are  composed  as 
shown  in  Fig. 7(a).  The  distributions  of  discriminated  signals 
(distributions  of  auto-correlation  peaks)  by  a  MMSF  are  shown  in 
Fig.7 (c) . 

These  experimental  results  indicated  that  the  new  technique 
double-exposing  particle  image  displacement  asymmetrically  and 
discriminating  loci  of  particles  optically  by  a  MMSF,  is  avail¬ 
able  to  determine  the  magnitude  and  direction  of  velocity  vectors 
of  flow  and  to  visualize  the  equal  velocity  contour  maps  simulta¬ 
neously  and  instantaneously. 


4.  CONCLUSION 

A  new  technique  which  takes  the  particle  image  displacements  on 
a  photograph  with  a  special  double-exposure  sheet  light  to 
discriminate  the  direction  of  plus  or  minus  and  the  magnitude  of 
velocity  vectors,  and  which  process  the  loci  of  particle  image 
displacements  simultaneously  and  instantaneously,  has  been  de¬ 
veloped  to  visualize  the  equal  velocity  contour  in  flow  quantita¬ 
tively.  The  experimental  results  show  that  the  direction  of  plus 
and  minus  in  velocity  in  flow  can  be  immediately  and  simultane¬ 
ously  discriminated  by  the  technique,  and  that  the  equal  velocity 
contour  maps  of  flow  in  all  of  view  can  be  constructed  simultane¬ 
ously  and  instantaneously  by  a  Multiplexed  Matched  Spatial  Fil¬ 
ter.  It  is  clarified  that  the  precision  of  measurement  of  flow 
velocities  has  been  kept  in  response  to  the  threshold  level  of 
the  intensity  of  correlation  peaks.  The  experimental  results 
indicate  that  the  new  technique  is  available  to  determine  the 
magnitude  and  direction  of  velocity  vectors  of  flow  and  to  visu¬ 
alize  the  equalvelocity  contour  maps  simultaneously  and  instanta¬ 
neously,  for  actual  flow. 
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the  loci  of  particles 
(a) 

Fig.  2  (a) ; location  of  reference  figures  of 
particles  locus,  {b):loci  of  particle 
inage  displacenent 


Fig. 4  The  maps  of  the  quantitative 
visualizing  velocity  distributions 
by  MMSF,  (a): location  of  reference 
velocity  patterns,  (b) : di s t r i bu t ion 
of  measured  loci  of  flo*  particles. 
(c):the  maps  of  equal  velocities 


Fig-6  The  identification  test  investigating 
the  precision  of  the  measurement  of  flo» 
velocities  visualized  with  one  reference 
velocity  pattern,  (a) : ref erence  pattern. 
(b):size  distribution  of  flow  patterns. 


shown  by  auto-correlation  peaks 


(c):ouipul  correlation  peaks  at  Pj 


Fig.T  Determination  of  orientation  and 


Fig. 5  (a):location  of  reference  circular 
loci  double  exposured,  (b) : d i s t r i bu t i on 
of  measured  loci,  (c):output  signals  of 
auto-correlat ion 


velocity  of  flow  (a):location  of  reference 
loci  of  particles  double  exposured. 

(b)  distribution  of  measured  loci  of  flow 
particles,  (c):output  signals  of  auto-correlat 
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1.  INTRODUCTION 

Row  tagging  velocimetry  is  a  relatively  new  time-of- 
fligbt  optical  diagnostic  inwhkb  a  spatially  continuous  pattem 
is  'written'  into  a  fluid  by  means  of  an  optical  resonance. 
The  displacement  of  tbe  original  pattern  is  subsequently 
'interrogated*  by  means  of  Laser-Induced  Ruorescence 
imaging.  The  displacement  which  occurs  during  the  elapsed 
time  interval  between  the  two  optical  resonances  constitutes  a 
measurement  of  velocity.  Examples  of  flow  tagging  include 
Raman  Excitation  plus  Laser-Induced  Electronic  Ruorescence 
(RELIEF)  (Miles,  et.  al.  (1989)],  which  has  been  used 
recently  for  fundamental  turbulence  studies  in  subsonic  air 
jets  (Miles,  eL  al.  (1993)]  and  muldphoton  dissociation  of 
water  vapor,  followed  by  hydroxyl  radical  UF,  which  has 
been  demonstrated  in  supersonic  combustion  flows  by 
Boedeker  (1989),  and  by  Chen.  et.  al.  (1992). 

In  this  paper,  we  present  new  results  using  a  flow 
tagging  approach  recently  developed  for  water  which  uses 
caged  dye  Photo-Activated  Ruoropbores  (PAF's)  (McCray 
and  Trentham  (1989)],  and  which  we  have  termed  PHoto- 
Activated  Nonintrusive  Tracking  Of  Molecular  Motion 
(PHANTOMM).  Caged  dye  PAFs  are  nominally  fluorescent 
dyes  which  have  been  rendered  nonfluorescent  by  strategic 
attachment  of  a  chemical  caging  group.  As  illustrated  in  Fig. 
1,  the  caging  group  is  pbotolytically  cleaved  upon  absorption 
of  ultraviolet  light,  generally  from  a  laser.  After  photolysis, 
the  original  dye  is  recovered,  and  can  subsequently  be  tracked 
for  a  period  limited  only  by  mass  diffusion  using  laser  sheet 
imaging  approaches  (Dabtn  and  Dimotakis  (1990)].  The 
PHANTOMM  approach  is  similar  in  many  respects  to  Laser- 
Induced  Photochemical  Anemometry  (LIPA)  techniques, 
based  on  the  use  of  either  photocbromic  (Popovich  and 
Hummel  (1967);  Falco  and  Cbu  (1987)]  or  phosphorescent 
(Stier  and  Falco  (1994)]  tracer  materials.  Photochromic 
materials  exhibit  a  reversible  change  in  reflectance  when 
activated  by  ultraviolet  light,  typically  from  either  a  nitrogen 
or  excimer  laser.  Using  back-lighting,  the  temporal  evolution 
of  the  initial  reflectance  pattern  can  be  tracked.  Photochromic 
materials  have  been  used  almost  exclusively  in  nonpolar 
solvents,  although,  recently,  Yureebkov  and  Ryazantsev 
(1991)  have  reported  measurements  in  water.  Phosphorescent 
tracers  are  materials  which  absorb  light  and  then  re-emit  with 
a  relatively  long  spontaneous  radiative  lifetime.  Stier  and 
Falco  (1994)  have  recently  reported  measurements  in  a 
simulated  internal  combustion  engine  using  a  water-soluble 
tracer  with  a  lifetime  of  between  0.30  and  0.80  msec.  LIPA 
has  been  recently  reviewed  by  Falco  and  Nocera  (1993). 


2.  EXPERIMENTAL 

Two  caged  dye  PAFs,  dextran  carboxy  fluorescein  and 
8-hydroxypyTene-l,3.6-irisulfonic  acid,  were  used  for  this 
work.  Figure  2  shows  the  caged  and  fluorescent  forms  of  the 
two  dyes.  Tbe  chemical  and  optical  properties  of  these 
compounds  has  been  presented  in  soitte  d^il  previously 
(Lempeit,  et.  al.  (1993)].  The  caging  group  is  ^otolyzed 
upon  absorption  of  a  single  UV  photon  in  the  region  of  0.3S0 
microns  (characteristic  of  benzene-like  compounds).  Tbe 
uncaged  dextran  behaves  essentially  identically  to  ordinary 
fluorescein  dye,  with  strong  absorption  in  the  region  of  0.490 
microns  (blue)  and  subsequent  fluorescence  in  the  region 
0.S20  to  0.620  microns.  Tbe  uncaged  irisulfonic  acid  behaves 
similarly,  but  with  absorption  shifted  to  the  vicinity  of  0.4S0 
microns,  and  fluorescence  at  wavelengths  exceeding  0.480 
microns. 

Tbe  basic  optical  configuration  it  illustrated 
schematically  in  Rg.  3.  The  tagging  is  performed  using  the 
third  harmonic  of  a  Q-switebed  Nd:YAG  later  at  0.3S5 
microns.  Single  pulse  energies  between  2  and  100  ml  were 
used,  depending  upon  tbe  cxperimenL  Tbe  interrogation  was 
perform^  with  either  a  pulsed,  flasblamp-pumped  dye  laser 
or  a  cw  argon-ion  laser,  depending  upon  flow  velocity.  Tbe 
dye  laser  was  capable  of  pulse  outputs  between  SO-400  mJ, 
with  a  pulse  duration  of  approximately  2  microseconds  and 
spectral  bandwidth  of  approxunately  1  nm.  Tbe  cw  argon-ion 
laser  was  operated  on  ite  0.488  micron  transition,  with  tingle 
line  output  between  0.020  and  1.0  Watts.  Tbe  tagging  beam  is 
focused  to  'write'  a  line  (or  cross)  between  SO  and  500 
micTons  in  diameter.  Tbe  interrogation  beam  it  formed  into  a 
thick  sheet  using  lens  combinations  which  depend  upon  tbe 
experimenL  For  the  experiments  to  be  discus^  below,  the 
interrogation  sheet  thickness  varied  between  approximately 
0.1  to  1.0  cm.  and  sheet  height  between  approximately  1.0  to 
7.5  cm.  Both  a  household  color  camcoi^r  and  a  COHU 
monochrome  CCD  (Model  4800)  camera  were  used  for  the 
imaging.  A  Schon  OF47S  or  OGSIS  long-pass  glass  fllter 
was  used  to  separate  tbe  fluorescence  from  background  laser 
scattering.  The  images  were  stored  on  videotape  and  post- 
processed  using  a  computer-based  framegrabber  system. 


3.  CAGED  DYE  CHARACTERIZATION 

A  detailed  discussion  of  experiments  designed  to 
characterize  the  critical  optical  and  chemical  properties  of 
caged  dye  PAF's.  as  well  as  to  compare  them  to 
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phosphorescent  and  pholochromic  tracers  has  been  given  by 
Lemperl,  el.  al.  (1993),  and  we  will,  therefore,  only 
summarize  here. 

The  most  fundamental  distinction  between  caged  dye 
PAPs  and  other  tracer  compounds  is  that  the  photochemical 
change  is  pennanent.  This  permits  measurement  of  even  very 
low  speed  phenomena,  such  as  the  electrohydrodynamic  flows 
to  be  described  below,  to  high  accuracy,  liiere  is.  however,  a 
minimum  time  delay  which  can  be  utilized,  due  to  the  Anile 
kinetic  rate  of  the  cage-cleaving  process  Kinetic  rise-time 
studies  have  been  performed  for  both  PAFs  employed  lo-datc. 
Figure  4  shows  a  In-In  plot  of  the  fluorescence  (interrogation) 
intensity,  as  a  function  of  the  time  delay  between  tag  and 
interrogation  For  this  data,  a  series  of  images  were  obtained 
by  writing  a  line  into  a  test  lube  containing  a  0.40  x  10'^  M 
solution  of  the  trisulfonic  acid  caged  dye.  The  flashlamp- 
pumped  dye  laser  was  used  for  the  interrogation,  and  the 
images  were  digitized  with  the  video  frame-grabber.  The  dye 
in  the  test  lube  was  changed  after  every  pair  of  tag  and 
interrogauon  pulses.  It  can  be  seen  that  the  rise  appears  to  be 
exponential,  with  a  finite  offset  at  zero  time  delay.  This  is  due 
to  background  fluorescence  from  uncaged  dye  impurity 
Experiments  such  as  this,  using  realistic  pulse  energies  and 
optical  CO. lection  geometry,  have  resulted  in  the  general 
conclusion  that  me  minimum  usable  lime  delay  for  these 
caged  dye  PAFs  is  on  the  order  of  100  microseconds. 

A  second  feature  of  caged  dye  PAF's  is  that  signal 
levels  are  quite  high,  even  at  relatively  low  concentration. 
This  is  due  to  the  fact  that  the  fluorescence  radiative  lifetime 
(order  nsecs)  is  much  shorter  than  the  duration  of  the 
integration  laser  pulse  (order  microseconds),  therefore 
enabling  hundreds  of  photons  to  be  extracted  from  a  single 
uncaged  dye  molecule.  Typical  concentrations  employed  for 
the  images  presented  below  are  between  10'*  and  10'^  M. 
This  permits  lines  of  almost  arbitrary  length  to  be  written, 
since  absorption  of  the  laser  beam  is  insignifleant. 

4.  FLOW  FIELD  RESULTS 

The  potential  of  the  PHANTOMM  technique  was 
demonstrated  using  several  model  flow  Aelds.  The  first  was  a 
simple  benchtop  pipe  (poiseulle)  flow  at  a  centerline  velocity 
between  4.5  cni/sec  (Re  =  315  based  on  pie  diameter)  and  12 
cm/sec  (Re  =  840).  The  pipe  was  constructed  from 
approximately  1  cm  ID  quartz  tubing  and  was  contained 
within  a  rectangular  Plexiglas  box  which  was  Ailed  with  water 
to  provide  partial  index  matching.  One-inch  diameter  quartz 
windows  provided  access  for  the  0.355  micron  tagging  beam, 
although  ordinary  BK-7  optical  glass  would  have  sufficed. 
The  tagging  was  performed  with  a  single,  approximately  25 
ml  energy  pulse,  and  the  interrogation  was  performed  with  the 
cw  argon-ion  laser.  The  color  camcorder  was  used  to  obtain 
the  images. 

A  1  mgm/liter  solution  of  the  caged  fluorescein  PAF 
probe  was  used  for  all  cases.  Figure  5  shows  a  pair  of 
representative  images.  The  left-hand  image  corresponds  to  a 
maximum  flow  velocity  of  4.5  cm/sec,  and  exhibits  a 
characteristic  laminar  profile.  The  right-hand  image 
corresponds  to  a  maximum  velocity  of  1 2  cm/sec  and  exhibits 
a  more  "top-halted"  profile,  corresponding  to  a  laminar  flow 
which  has  not  yet  fully  developed. 

As  a  second  illustration,  we  have  written  a  cross  into  an 
approximately  150  mm  diameter  ordinary  laboratory  beaker, 
inwhich  swirl  was  introduced  with  a  magnetic  stirring  bar. 


The  lagging  was  performed  by  splitting  a  40  mJ/pulse  tagging 
beam  into  two  pieces,  each  of  which  was  focused  with  a 
simple  plano-convex  lenses.  Figure  6  shows  an  inierrogation 
sequence,  resulting  from  a  sinele  tagging  pulse  obtained  with 
an  approximately  1  cm  thick  sheet  from  the  pulsed  dye  laser. 
The  upper  left-hand  inugc  was  obtained  with  a  time  delay  of 
12  msec  between  tag  and  interrogation,  and.  essentially, 
corresponds  to  the  initial  orientation  of  the  cross.  The 
subsequent  images  are  obtained  at  time  delays  of  1,  2,  and  3 
secs,  respectively.  The  rotation  of  the  crossing  point,  roughly 
l/8th  of  a  revolution/sec.  counter-clockwise,  is  clearly 
evident. 

In  order  to  demonstrate  potential  in  large-scale  flows, 
measurements  have  also  been  performed  in  a  5,(X)0  gallon 
research  water  channel  facility,.  The  facility  test  section  is  8.2 
m  long,  1 .5  m  wide,  and  operates  with  a  free  stream  velocity 
of  10  cm/sec.  Measurements  were  performed  by  writing  a 
line  through  the  center  of  rotation  of  a  characteristic  tip 
vortex,  shed  by  an  elliptical  sail  tip  model.  Figure  7  shows  a 
SO  laser  shot  average  (left),  and  a  single  shot  (right),  cross- 
sectional  image  of  the  tip  vortex  using  ordinary  fluorescein 
sheet  visualization.  The  fluorescein  dye  was  injected  from  a 
copper  tube  positioned  just  upstream  of  the  leading  edge  of 
the  model.  The  principal  flow  axis  is  out  of  the  plane  of  the 
paper,  toward  the  reader.  The  fluorescence  was  captured 
parallel  to  thf-  principal  flow  axis  by  placing  a  large.  90* 
turning  mirror  in  the  facility,  approximately  0.80  m 
downstream  for  the  laser  sheet. 

PHANTOMM  images  were  obtained  by  replacing  the 
ordinary  fluorescein  dye  with  either  a  2  mgm/liter  solution  of 
the  caged  pyrene  tirsulfonic  acid  PAF  or  a  5  mgm/liter 
solution  of  the  caged  dextran  PAF.  (The  concentraUons  were 
increased,  relabve  to  those  used  in  other  measurements,  due  to 
a  combination  of  dilution  of  the  seeded  fluid  by  the  bulk  flow 
and  the  flow  collection  efficiency  of  the  optics.  Similar 
quality  images  were  obtained  from  both  materials.)  Figure  8 
shows  a  collage  of  single-shot  images  with  time  delays  of  1. 
10.  40.  100,  150,  and  195  msec,  respectively  The  lines  are 
continuous  since  they  are  only  written  at  the  intersection  of 
the  tagging  beam  and  the  seeded  fluid.  After  195  msec,  the 
core  has  rotated  by  approximately  180*  (16  radians/sec), 
whereas  the  outer  fluid  bu  rotated  by  less  than  90*. 

Finally,  we  have  very  recently  initiated  a  program  to 
explore  the  potential  of  the  PHANTOMM  approach  for 
quantitative  measurement  of  internal  circulation  in  droplets, 
including  both  free-falling  droplets  and  stationary  droplets 
which  have  been  drawn  into  specific  geometrical 
configurations  by  application  of  an  external  electric  field. 
Figure  9  shows  a  simplified  schematic  of  the  cell  employed 
for  the  electrohydrodynamic  studies.  A  pair  of  flat  plate 
electrodes  is  immersed  into  a  bath  of  silicon  oil.  contained 
within  an  approximately  5cmx5cmx5cm  rectangular  glass 
cell.  A  droplet  of  a  second  fluid  is  attached  to  the  center  of 
one  electrode,  and  its  shape  subsequently  distorted  by 
application  of  the  electric  field.  In  the  case  of  water,  we  have 
"stretched"  the  originally  semi-spherical  drop  into  a  Taylor 
cone  [Vizika  and  Saville  (1992);  Wilson  and  Taylor  (1924)] 
by  application  of  a  3.5  kV/cm  field.  The  resulting  cone  has  a 
triangular  cross  section,  approximately  3  mm  in  diameter  at 
the  base.  An  approximately  100  micron  diameter  line  is 
written  into  the  cone  using  a  1  meter  focal  length  lens  and  1  -2 
mJ  of  third  harmonic  output  from  the  tagging  Nd;YAG  laser. 
Approximately  50  mWatts  of  output  from  the  cw  argon-ion 
interrogation  laser  is  formed  into  2  cm  high  by  I  mm  thick 
sheet.  Figure  10  shows  a  collage  of  images  obtained  from  a 
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single  'tag'  of  (he  cone  at  time  delays  of  <  I  sec,  10  sec,  30 
sec,  and  50  sec,  respectively  (from  top  right  to  bottom  left). 

Figure  1 1  shows  a  preliminary  image  obtained  from  an 
approximately  2  mm  diameter  free-falling  water  droplet, 
pi^uced  with  a  simple  laboratory  pipette.  The  image  was 
obtained  by  tagging  with  the  Nd:YAG  laser,  operating  at  a  10 
Hz  repetition  rate.  The  interrogation  is,  again,  performed 
using  the  cw  argon-ion  laser.  The  droplet  in  Rg.  1 1  has  been 
tagged  twice,  with  a  100  msec  temporal  separation.  The 
second  tagged  fluid  element  (located  approximately  in  (he 
center  of  the  droplet)  is  translating  downward  at  relatively 
high  velocity,  and  the  resulting  image  is  smeared  due  to  (he 
16.67  msec  video  field  integration  time.  The  profile, 
however,  can  be  seen  to  be  quasi-parabolic.  The  tagged  fluid 
from  (he  previous  (in  time)  Y AG  laser  Tiring  has  wrapped  up 
into  a  pair  of  characteristic  counter-rotating  vortices.  The  left- 
hand  vortex  appears  brighter  due  to  focusing  of  the 
interrogation  sheet  by  the  droplet. 


5.  CONCLfjSIONS 

We  have  demonstrated  the  utility  of  flow  tagging 
velocimetry  based  upon  caged  dye  PAF's  in  a  variety  of 
applications  ranging  from  studies  of  internal  circulation  in 
droplets,  to  tip  vortex  shedding  in  full-scale  hydrodynamic 
facilities.  Critical  optical  characteristics,  relevant  to  the 
diagnostic,  have  also  been  investigated. 
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Figure  1  IllusU’aiion  of  PHANTOMM  concept. 
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Figure  2.  Caged  and  fluorescrat  forms  of  PAFs  used  in  this  work. 


Figure  3.  Basic  Optical  Configuration  for  PHANTOMM  Measurements 
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Figure  4.  Ln-tn  plot  of  fluorescence  intensity  as  function  of  time  delay  between  tag  and  interrogation. 


Figure  5.  Sample  PHANTOMM  images  from  pipe  flow  at  Re=315  (left)  and  Re=840  (right).  Row  is  from  lop-to-botiom. 
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Figure  6.  Representative  images  of  rotating  cross  in  water.  Time  delay  between  tag  and  interrogation  is  12  msec,  1. 

resoectivelv.  too  left  to  bottom  rieht.  Row  is  counter-clockwise. 


2.  and  3  sec 


Figure  7  Fifty  (50)  laser  shot  average  (left)  and  instantaneous  (right)  ordinary  dye  visualization  planar  image  of  tip  vortex. 

Principal  flow  axis  is  out-of-plane  of  paper  towards  reader. 


Figure  8  Collage  of  I’llANTOMM  images  from  tip  vortex  Time  delays  are  1.  10,  40,  100,  1.50,  and  195  msec,  respectively,  from 

lop  left  to  bottom  right 


Figure  9.  Schematic  Diagram  of  electiohydrodynamic  flow  apparatus. 


Figure  10.  Collage  of  images  from  single  tag  Taylor  cone. 
Time  delays  are  <  1.  10. 30,  and  SO  secs,  respectively,  from 
top  left  to  bottom  right. 


Figure  11.  Image  of  doubly-tagged  water  droplet  falling  from 
pipette.  Tagged  line  is  initially  horizontal. 
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1  Introduction 

In  turbulence  studies,  Laser-Doppler  Anemometry  (LDA) 
[1]  has  never  reached  the  level  of  Hot-Wire  Anemometry 
(HWA),  which  produces  a  continuous-time  record  of  the 
turbulence  with  high  Signal-to- Noise  ratio  (S/N).  The  in¬ 
herent  advantages  of  LDA  are  counteracted  by  discontinu¬ 
ous  measurements  being  randomly  distributed  in  time,  by 
velocity  bias  due  to  increasing  data-rate  with  increasing  ve¬ 
locity  and  inhomogeneous  distribution  of  tracer  particles, 
and  by  noise  which  obscures  individual  velocity  estimates. 
This  is  illustrated  in  Fig.  1.  Continuous-time  informa¬ 
tion  can  be  obtained  with  a  reconstruction  scheme.  A 
hardware  solution  has  been  applied  in  trackers  (zero-order 
track-and-hold)  which,  however,  leads  to  a  significant  noise 
contribution  in  the  reconstructed  signal.  For  the  determi¬ 
nation  of  the  turbulence  power  spectrum,  two  independent 
measurement  channels  can  be  used  and  processed  with  a 
cross-correlation  technique  (2].  This  does  not  yield  direct 
information  on  actual  velocity  fluctuations  for  the  investi¬ 
gation  of  turbulence  and  its  mechanisms.  To  this  end  best 
estimate  for  the  actual  velocity  at  any  instant,  based  on  the 
available  individual  measurements  must  be  determined. 

2  Properties  of  LDA  for  velocity 
signal  reconstruction 

Measurement-time  intervals  are  (approximately)  exponen¬ 
tially  distributed  as  can  be  demonstrated  with  LDA  mea¬ 
surement  data.  Fig.  2  shows  an  excellent  fit,  except 
for  intervals  shorter  than  the  dead-time  of  the  processor . 
The  noise  contributions  in  individual  measurements  are  as¬ 
sumed  to  be  identically,  independently  Gaussian  distribut¬ 
ed,  with  zero  mean  and  deviation  a,  independent  of  the  ve¬ 
locity.  The  causes  of  noise  will  be  discussed  in  Appendix 
A;  in  our  discussion  any  deviation  of  the  estimation  from 
the  actual  velocity  is  regarded  as  noise.  Bias  has  been  the 
subject  of  numerous  publications  and  there  is  little  agree¬ 
ment  on  the  amount  [3].  Here  the  bias  is  assumed  not  to 
influence  the  time  interval  distribution. 

3  Simulation  of  turbulence  signals 

The  influence  of  the  steps  in  the  measurement  process  and 
dataprocessing  on  reconstruction  results  can  be  analyzed 


with  simulation.  We  created  13  “turbulence”  signals  of  20 
seconds  at  a  sampling  frequency  of  1000  Hz  and  spectral 
properties  of  the  Bessem  power  spectrum  [4]: 

1 +(///!)*/=•  [i+(///jm" 

with  simulation  values  5(0)  =  1 ,  /i  =  1  Hz  and  fj  =  50 
Hz.  The  “experimental”  power  spectrum,  retrieved  from 
these  simulated  signals  is  shown  in  Fig.  3. 

4  Slotting  technique 

The  slotting  technique  is  often  used  for  the  estimation  of 
the  auto-correlation  function  (ACF)  of  the  turbulence  with 
random  sampled  data  [5,  6].  Its  disadvantages  are  that  the 
estimate  variance  is  higher  than  with  sample/hold  tech¬ 
niques  [3,  7],  and  velocity  bias  leads  to  systematically  in¬ 
correct  estimates  [6].  Fig.  4  shows  the  ACF’s  of  the  sim¬ 
ulated  turbulence  with  and  without  bias.  The  rise  above 
1  in  the  biased  case  is  conflicting  with  the  theory  of  signal 
processing  [8]  -  [11].  The  simulation  correctly  predicts  this 
error.  Fourier  iVa^ormation  (FT)  of  the  ACF  of  Fig.  4 
yields  the  power  spectral  density  in  Fig.  5.  With  bias  the 
low-frequency  level,  corresponding  to  the  large  eddies,  is 
increased.  In  both  cases  the  small  eddies  (related  to  high 
frequencies)  are  obscured  by  noise.  Note  that  this  noise  is 
solely  caused  by  the  data-processing,  the  individual  veloc¬ 
ity  estimates  are  exact  in  this  simulation! 

5  Signal  reconstruction 

The  required  data-rate  for  reconstruction  should  at  least 
be  2t  times  the  highest  frequency  present  in  the  turbu¬ 
lence,  see  Appendix  B.  A  technique  which  assumes  that  the 
velocity  estimates  are  exact  is  unsuitable  in  the  presence  of 
noise,  because  it  obscures  the  small  eddies.  Simple  recon¬ 
struction  techniques  can  be  used  for  the  elimination  of  bias 
and  for  periodic  re-sampfing  of  the  signal,  so  common  sig¬ 
nal  processing  can  be  applied,  including  cross-correlation 
techniques  (2).  The  high  data-rate  means  that  many  inde¬ 
pendent  velocity  estimates  are  available.  This  creates  the 
possibility  to  use  a  statistical  algorithm,  such  as  Kalman 
filtering,  which  takes  into  account  that  the  velocity  esti¬ 
mates  are  noisy. 
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6  Kalman-filtered  reconstruction 

Kaiman  filtering  waa  originally  developed  for  dynamic  aya- 
tem  eatimation  and  control  purpoaea.  Baaed  on  the  cur¬ 
rent  information,  it  conatructs  optimal  estimatea  of  inter¬ 
nal  (“state”)  variables,  taken  into  account  that  the  infor¬ 
mation  IS  accompanied  by  noise.  The  noiae  level(a)  need 
to  be  known  and  a  dynamic  model  is  required  to  describe 
the  behaviour  of  the  system  under  study.  In  this  paper, 
turbulence  is  the  system  of  investigation. 

6. 1  Assumptions 

Signal  reconstruction  can  easily  become  a  “self  fulfilling 
prophecy”.  Unavoidable  assumptions  should  be  checked 
against  experimental  evidence  and/or  knowledge  of  turbu¬ 
lence.  For  the  Kalman  reconstruction  scheme,  three  as¬ 
sumptions  are  made: 

1.  The  power  spectrum  can  be  approximated  by  that  of 
first-order  (low-pass)  filtered  noise  (Fig.  11).  This 
assumption  means  that  the  turbulence  power  has  a 
“constant”  level  below  and  is  proportional  to 
above  a  cut-off  frequency.  It  comes  close  to  a  slope 
of -1.67  (on  a  log/log  plot)  which  is  often  reported  in 
literature  for  the  inertial  subrange  [16]  and  the  slope 
of  -2.5  for  developing  flows  [17].  This  is  related  to  the 
situations  were  the  accelerations  of  the  fluid  are  lint- 
ited  by  inertial  and  frictional  forces.  The  turbulence 
cut-off  frequency  can  be  estimated  from  the  power 
spectrum  (e.g.  from  a  FT  of  the  slotted  ACF).  In  case 
of  bias,  the  ACF  could  be  obtained  from  a  first-order 
signal  reconstruction  scheme. 


where  t}t  is  assumed  to  be  a  Gaussian  distributed  white 
noise  sequence  with  variance  p*,  i.e.  ij*  ~  A/'(0,p*)  and 
=  0  for  all  i:  t. 

6.3  Design  of  the  Kalman  Filter 

It  is  wellknown  (see  [18]  for  the  system-theoretic  setting,  or 
[19]  for  a  concise  statistical  treatment  in  discrete  time)  that 
the  optimal  state-estimation  problem  leads  to  a  Kalman  fil¬ 
ter  design.  Let  x  be  the  dynamic  state  (vector)  of  the  sys¬ 
tem  z  s  Az-l-(  with  observation  equation  y  =  Cz  +  q  over 
time  <.  Then  the  optimal  prediction  z(()  of  z  is  a  (deter¬ 
ministic)  vector  which  equals  the  conditional  expectation 
^  prediction  can  be  shown  to  min¬ 

imize  the  squared  prediction  error  /J  IE||z(r)  -  z(r)||*dr 
in  the  class  of  all  linear  filters.  It  can  be  calculated  from 

iz(<)  =  Az(0  +  L(y(i)  -  Cz(0)  (3) 

Here  the  Kalman  filter  gain  (matrtz)  equals 

L  =  AC'n-'  (4) 

where  the  (positive  definite)  matrix  A  is  the  solution  to  a 
Riccati  equation: 

AA-fA'A- AC'n-‘CA  +  E  =  0  (5) 

and  E  and  H  are  the  covariance  matrices  of  (  and  q  re¬ 
spectively.  If  one  applies  the  results  (3)  through  (5)  to  (1) 
and  (2)  (with  A  =  —A,  C  =  1,  11  =  p’  and  E  =  c*),  the 
optimal  filter  gain  is  seen  to  be 


2.  The  turbulence  generating  accelerations  and  the 
(measurement)  noise  contributions  in  the  velocity  esti¬ 
mates  are  neither  correlated  with  each  other  nor  with 
the  velocity.  Fig.  9  shows  an  ACF  using  the  slotting 
technique  with  a  clear  j-peak  at  r  =  0.  The  corre¬ 
lation  of  the  noise  contribution  is  thus  only  one  slot 
wide.  The  clear  distinction  between  noise  and  tur¬ 
bulence  in  this  ACF  allows  to  determine  S/N,  which 
is  an  input  parameter  of  the  Kalman  reconstruction 
scheme.  The  abse:  ce  of  correlation  between  noiae  and 
velocity  is  valid  for  several,  but  not  all  processors. 

6.2  Tlirbuience  Model 

The  following  simple  dynamic  model  for  the  evolution  of 
the  velocity  v(t)  over  time  t  >  <o.  of  a  particle  with  mass 
m  in  turbulent  flow  is  being  used  (Newton’s  law): 

^v(l)  =  -A/m  v(i)  +  <(<)/m  =  -Av(l)  -t-  ((t)  (1) 

where  the  driving  acceleration  term  ((()  is  assumed  to  be  e- 
quivalent  to  a  Gaussian  distributed  confinuoss-time  whtte 
noise  signal  with  intensity  The  term  -Av(()  models 
the  frictional  de-acceleration,  with  parameter  A  >  0.  The 
velocity  v(t)  can  be  measured  at  stochastic,  Poisson  dis¬ 
tributed  times  It  (the  innovations  tt  —  tt-i  being  identi¬ 
cally,  independently  exponentially  distributed),  yielding 

t'?*"  =  «(<*)-Hj*  ;  *  =  0,1,2,...  (2) 


L  =  A+  v'A’-i-ffVp*  (6) 

Note  that  in  this  application  L  is  scalar.  If  A  =  0  then 


L  =  alp 


depending  only  upon  the  ratio  of  the  deviations  of  the 
turbulence  generating  accelaration  q  and  the  measurement 
noise  (.  In  the  sequel  this  ratio  will  be  used  instead  of  the 
more  general  value  (6)  although  it  can  be  replaced  without 
complication  if  A  should  be  non-zero.  Furthermore,  using 
(3)  it  follows  that  the  filter  dynamics  behave  according  to 

Au(0  =  ^(v"'-(0  -  v(0)  ;  v(io)  =  v!'-  (7) 


Since  a/p  >  0,  the  filter  is  stable  in  the  bounded  input, 
bounded  output  sense.  There  is  one  structural  difficulty, 
namely  that  the  specific  continuous-time  Kalman  filter  (7) 
requires  continuous  measurements  of  the  velocities  «“*“(<), 
(  >  <0-  As  only  discrete-time  measurements  (2)  are  avail¬ 
able,  some  assumption  on  the  intermediate  behaviour  has 
to  be  formulated.  We  will  use  /irst- order  interpolation,  i.e. 
for  *  =  0,1, 2,3,...  and  tt  <  «  <  U+i 


t-‘**(f)  =  atl  +  fit 


Ok 


t|0^  — 


f*+l  -  Ik 


tt  —  f*+i 
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With  this  “measurement”  signal,  the  differentiail  equation 
(7)  can  be  analytically  solved.  For  (»  <  t  <  <^4.1  with 
ib  =  0, 1, 2, 3, . . its  solutic.i  can  be  recursively  calculated: 

v(t)  =  (w*  -  o*(t*  -  -  ^t)exp 

+  ak(t  -  -)  +  0k  (9) 

<T 

with  04  and  0k  as  in  (8)  This  shows  that  the  filter  update 
terms  are  subject  to  an  (unavoidable)  time  delay  pja.  In 
order  to  correct  for  the  effects  of  this  “phase  shift”,  one 
can  apply  bidirectional  Kalman  filtering  if  the  measured 
data  are  limited  in  size  with  final  measurement  time  (jv 
and  corresponding  velocity  measurement  In  other 

words,  one  additionally  constructs  the  backwards  filtered 
prediction  v(t),  by  processing  the  data  in  reverse  order 
using  the  “initial”  velocity  v(tf/)  =  v^.  This  gives  for 
*  =  IV  -  1,  Af  -2, .  .  ,1,0: 

«(f)  =  (Ct+i  -  +  ^)  - 

+  ak{t  +  -)  +  0k  (10) 

<T 

The  “overall”  bidirectional  prediction  can  be  taken  as  the 
average  of  forward  and  backward  predictions.  Consequent¬ 
ly  it  is  phaselag-free  as  can  be  seen  from 

uPr(<)  = 

V  I  2 

=  Okt  +  0k  + 

interpolation  data 

+  5(vt -<*i(l*  -  ^)-/3*)exp(-^^^ — 

X  €f  p 

forward  ettimation  term ' 

+  2(5*+!  -  at(f*+i  +  ^)  -  — — 

X  c  p 

backward  eatimation  term 


the  Kalman  reconstruction  scheme.  The  latter  produces 
superior  estimates.  Note  that  the  change  in  the  slope  of 
the  power  spectrum  above  50  Hz  is  only  shown  by  the 
Kalman  reconstruction  scheme,  although  this  has  not  been 
introduced  in  the  assumptions.  This  illustrates  that  the 
Kalman  reconstruction  scheme  is  reproducing  more  than 
the  original  assumptions  and  that  good  estimation  of  the 
velocity  fluctuations  is  obtained  with  this  approach 

7.2  Experimentai  data 

Fig.  14  shows  the  result  of  Kalman  reconstruction  on  tur¬ 
bulence  signals,  obtained  in  the  jet  of  a  stirred  vessel.  The 
improvement  is  also  illustrated  by  the  distribution  of  ac¬ 
celerations  before  (Fig  15)  and  after  Kalman  velocity  sig¬ 
nal  reconstruction  (Fig.  16).  The  extreme  values  (above 
2  km/s^)  have  disappeared  and  the  distribution  shows  a 
normal  behaviour  with  more  realistic  values. 

Fig.  17  shows  the  velocity  distributions  before  and  after 
the  application  of  the  Kalman  reconstruction  algorithm. 
Due  to  bias,  the  distribution  before  application  shows  an 
increase  for  higher  velocities,  which  is  removed  after  appli¬ 
cation.  This  elimination  of  bias  is  an  additional  important 
advantage  of  signal  reconstruction.  Fig.  18  shows  the  tur¬ 
bulence  power  spectrum  measured  in  the  jet  of  a  stirred 
vessel.  Curve  a  results  from  the  slotting  technique,  curve 
b  using  the  Kalman  reconstruction  scheme,  cf.  Fig.  11. 

8  Discussion 

The  Kalman  reconstruction  scheme  is  no  “miracle  cure”. 
The  best  results  are  obtained  if  the  input  data  are  as  ac¬ 
curate  as  possible  (high  S/N  of  the  Doppler  signals)  and 
)have  a  high  data  rate  [13].  This  has  consequences  for  the 
^different  components  of  an  LDA  system. 


using  (9)  and  (10).  The  Kalman  scheme  performance  de¬ 
pends  on  the  quality  of  the  estimated  ratio  (r/p,  where  <r^  is 
the  intensity  of  the  continuous-time  white  noise  that  mod¬ 
els  the  turbulence  generating  accelarations,  whereas  is 
the  variance  of  the  measurement  noise  at  the  discrte  points 


in 

i.e 


time.  An  example  of  behaviour  of  one  quality  measure. 


.  the  average  prediction  error 


over  discrete-time  simulation  data,  is  given  in  Fig.  10  as 


Consequences  for  optical  systems.  In  most  cases, 
the  requirements  can  only  be  fulfilled  in  forward  scatter 
LDA  systems.  The  use  of  a  small  measurement  volume 
results  in  a  high  local  light  intensity,  which  allows  smaller 
tracer  particles  -reducing  the  noise  due  to  beam  distortion 
[12]-  and  allows  higher  seeding  concentrations,  leading  to 
an  increase  of  the  data-rate. 


a  function  of  filter  gain.  It  clearly  shows  that  a  significant 
improvement  of  the  quality  of  the  data  can  be  realized.  In 
this  example  a  reduction  of  about  50  %  of  the  total  er¬ 
ror  is  recorded.  Of  course,  this  percentage  varies  from  one 
specific  data  set  to  another. 


Consequences  for  Doppler-signal  processors.  Some 
processors  use  only  a  fraction  of  the  Doppler  signal,  argu¬ 
ing  that  its  S/N  is  not  constzuit  due  to  its  amplitude  mod¬ 
ulation.  Using  only  the  central  part  seems  reasonable,  but 
the  other  parts  still  contain  information.  The  best  esti¬ 


mate  is  obtained  when  all  the  information  in  the  Doppler 
7  Applications  signal  is  used  [13]  and  weighed  according  to  its  S/N.  This 

might  be  achieved  by  a  wavelet  transform  based  processor. 

7.1  Simulation  Results 


Fig.  12  shows  the  result  of  the  Kalman  reconstruction  on 
the  simulated  signal  itself  whereas  Fig.  13  shows  the  pow¬ 
er  spectra  of  the  simulated  turbulence  after  random  sam¬ 
pling  and  with  20  %  noise  added  (S/N  =  5)  for  three  dif¬ 
ferent  reconstruction  schemes:  zero-order,  first-order  and 


Consequences  for  data-processing.  The  current  ap¬ 
proach  is  to  regard  all  velocity  estimates  as  equivalent, 
although  some  are  more  accurate  than  others.  It  would  be 
better  to  store  the  S/N  of  each  estimate  and  to  use  it  as  a 
weighting  factor  in  the  Kalman  reconstruction. 
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9  Future  developments 

The  required  parameters  for  the  Kalman  reconstruction 
scheme  can  be  retrieved  from  the  raw  velocity  data.  As 
a  next  step,  the  results  of  the  Kalman  reconstruction 
scheme  can  be  used  for  more  accurate  estimation  of  the 
required  parameters,  even  repeatedly.  With  a  two-channel 
approach  the  remaining  noise  in  the  reconstructed  signals 
can  be  reduced  further  using  the  cross  correlation  tech¬ 
nique  [2]. 

A  further  extension  is  to  introduce  a  more  sophisticat¬ 
ed  power  spectrum  in  the  reconstruction  algorithm.  This 
can  e.g.  be  the  Bessem  spectrum,  which  is  determined  by 
three  parameters  (Fig.  4),  to  be  determined  from  the  cross¬ 
power  spectrum.  It  is  then  important  to  reduce  the  cor¬ 
related  noise  contributions  (which  show  up  in  both  chan¬ 
nels  identically,  like  due  to  fringe  gradients)  as  much  as 
possible.  This  power  spectrum  can  then  be  used  in  an  ex¬ 
tended  Kalman  reconstruction  scheme  to  retrieve  the  best 
estimate  for  the  velocity  fluctuations.  In  this  way  the  need 
for  assumptions  about  the  turbulence  is  circumvented  as 
much  as  possible. 

10  Conclusions 

The  Kalman  reconstruction  scheme  is  an  extension  to  the 
data-processing  of  Laser-Doppler  Anemometry  which  in¬ 
creases  its  level  to  that  of  hot-wire  anemometry.  It  uses 
very  little  assumptions  and  those  which  are  used  have  a 
solid  foundation  on  experimental  and  theoretical  grounds. 
Further  extension  and  improvement  is  passible  by  the  usr 
of  iteration  and  crosscorrelation  techniques,  which  require 
no  additional  assumptions.  The  reconstruction  of  the  ve¬ 
locity  fluctuations  requires  sufficient  individual  velocity  es¬ 
timates  per  unit  time,  Doppler  signals  with  a  high  signal- 
to-noise  ratio,  an  optimised  seeding,  a  high  spatial  resolu¬ 
tion  and  a  proper  alignment  to  reduce  fringe  gradients  as 
much  as  possible.  These  requirements  can  in  practice  only 
be  fulfilled  by  forward  scattering  systems.  The  require¬ 
ments  for  the  Kalman  reconstruction  scheme  point  the  way 
for  future  developments  of  optical  systems,  processors  and 
data-processing  algorithms  for  the  study  of  turbulence. 
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Appendix  A:  Noise  in  Laser- 
Doppler  Anemometry 

Noise  in  the  individual  velocity  estimates  of  an  LDA  data 
can  be  divided  into  several  groups: 

1  Transmission  optics  (including  light  source). 

The  light  intensity  variations  of  the  laser  also  influ¬ 
ence  the  intensity  of  the  scattered  light.  If  these  fluc¬ 
tuations  contain  frequencies  in  the  range  of  the  fre¬ 
quencies  of  the  Doppler  signals,  these  show  up  as  a 
noise  contribution.  Transportation  of  the  laser  light 
through  optical  fibers  reduces  the  coherence  and  po¬ 
larisation  of  the  laser  light,  leading  to  a  lower  “fringe 
visibility”,  reducing  the  S/N  of  the  Doppler  signal.  If 
the  transmission  optics  are  not  perfectly  aligned  or 
the  beams  influenced  by  e.g.  curved  walls,  so-called 
“fringe  gradients”  exist  in  the  measurement  volume 
[1].  The  conversion  factor  from  velocity  to  frequency 
then  becomes  dependent  on  the  actual  position  where 
the  tracer  particle  traverses  the  measurement  volume. 
This  gives  rise  to  an  additional  uncertainty  in  the  es¬ 
timation  -and  thus  noise-  of  the  velocity. 

2.  Receiving  optics. 

The  scattered  light  is  quantised,  leading  to  qurmtisa- 
tion  noise  in  the  photodetector  signal.  The  lower  the 
light  intensity  is,  the  lower  the  S/N  of  the  Doppler 
signal  is.  The  forward  scattering  mode  is  therefore  to 
be  preferred. 

3.  Doppler  signal  processing  (amplification,  filtering). 

The  photodetector  adds  noise  by  itself,  e.g.  due  to 
dark  current  and  internal  amplification.  The  Doppler 
signal  processing,  like  amplification  and  filtering,  also 
generates  noise. 

4.  Frequency  (and  thus  velocity  estimation)  of  the 
Doppler  signal. 

The  estimation  of  the  frequency  of  the  Doppler  signal 
and  thus  the  velocity  of  the  tracer  particle,  is  done 
by  a  processor,  which  has  a  limited  accuracy.  The 
inaccuracies  of  the  frequency  estimation  are  reflected 
in  the  velocity  and  are  noise. 

5.  Errors  and  inaccuracies  in  the  arrival  time  of  the 
Doppler  signal. 

An  incorrect  placement  in  time  of  the  velocity  esti¬ 
mate  causes  an  additional  error  due  to  the  changes  of 
the  velocity  due  to  turbulence.  This  can  happen  as  is 
shown  in  Fig.  6  which  shows  the  time  interval  distri¬ 
bution  with  an  arrival  time  resolution  of  100  ps  and 
a  <0  of  600  ns.  This  is  undesirable  and  the  resolution 


should  be  improved  We  expect  that  the  resolution 
should  be  less  that  5  %  of  the  tO  to  be  on  the  safe 
side. 

6.  Velocity  data-processing  (including  algorithms  to 
cope  with  the  bias  and  random  sampling  contribu¬ 
tions). 

The  random  sampling  creates  discontinuities  in  the 
velocity  trace  with  unknown  values  in  between.  This 
hampers  the  estimation  of  the  flow  parameters  and 
can  thus  be  regarded  as  a  noise  source.  Noise  thus 
occurs  in  the  Doppler  signal  and  this  causes  an  un¬ 
certainty  in  the  estimation  of  the  frequency  no  mat¬ 
ter  how  accurate  the  processor  is  [12,  13].  Therefore 
a  noise  contribution  to  the  individual  velocity  esti¬ 
mates  is  an  unavoidable  fact  of  life.  By  optimisation 
of  the  design  of  the  LDA  system  this  can  be  reduced 
as  much  as  possible,  yet  the  dynamic  range  of  a  turbu¬ 
lence  power  spectrum  is  usually  limited  to  3  decades 
or  less,  except  when  a  cross  correlation  technique  [2] 
is  applied.  However,  this  technique  does  not  reduce 
the  noise  at  the  instantaneous  velocity  estimates  and 
is  therefore  only  useful  for  the  estimation  of  statistical 
properties.  To  upgrade  an  LDA  to  the  level  of  HWA 
a  reconstruction  approach  is  required. 

Appendix  B:  Minimal  required 
data-rate 

A  minimal  data-rate,  related  to  the  frequencies,  present  in 
the  turbulence  signal  will  be  required  for  reconstruction. 
In  literature  only  heuristic  ratio’s  for  data-rate  over  high¬ 
est  frequency  were  used  [14],  ratio  «  5.  A  better  estimate 
can  be  found  from  signal  reconstruction:  Imagine  a  lam¬ 
inar  flow  which  is  sampled  randomly  (see  Fig.  2)  with  a 
time  constant  tg  and  a  Gaussian  distributed,  uncorrelat¬ 
ed  noise  in  the  velocity  estimates.  This  could  be  regarded 
as  a  “turbulent”  flow.  The  spectrum  of  the  fluctuating 
components  can  be  found  by  calculation  of  the  ACF  after 
zero-order  reconstruction.  This  reconstruction  introduces 
correlation  in  the  fluctuations  over  a  period,  which  is  e- 
qual  to  the  time  between  two  successive  samples.  After 
this  time  no  correlation  exists  because  the  noise  contribu¬ 
tions  are  uncorrelated.  The  ACF  is  therefore  equal  to  an 
exponential  decaying  function  with  the  same  fg  as  the  time 
interval  distribution.  This  is  illustrated  in  Fig.  7,  which 
shows  the  results  of  a  simulation  and  an  analytical  curve. 
The  ACF  of  first  order  (RC)  low-pass  filtered  white  noise 
has  the  same  shape  [9,  10,  11]  and  the  random  sampling 
can  thus  be  described  as  a  first  order  low-pass  filter  with  a 
cut-off  frequency  of  l/(2Tlg).  This  is  confirmed  by  the  FT 
of  the  ACF  of  Fig.  7,  which  is  shown  in  Fig.  8.  Therefore 
it  can  be  stated  that  the  data-rate  needs  to  be  at  least  2x 
time  the  highest  frequency,  present  in  the  turbulent  fluc¬ 
tuations.  Identical  results  have  been  obtained  with  first 
order  reconstruction  and  the  application  to  the  simulated 
turbulence. 
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Figure  3:  The  Bessem  turbulence  power  spectrum  after  260 
sec.  averaging. 


Figure  5:  Spectrum  calculated  from  the  auto  correlation 
function,  determined  usirrg  the  slotting  technique,  without 
bias. 


Figure  4:  The  first  part  of  the  auto  correlation  functions  of 
simulated  turbulence  with  and  without  bias. 


Figure  6:  Inaccuracies  or  rourxf-off  errors  in  the  clock 
introduce  another  source  of  noise. 
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FIgur*  7:  Auto  correlation  function  of  zero  order 
reoortstnicted  noise  signal.  Poisson  (tistributed  samplirrg  of 
500  Hz.  average  data-rate. 


Figure  8:  Power  spectrum  of  zero  order  recorrstructed  noise 
sigrwi.  Note  the  decay  of  the  spectrum  from  SOO/Zk  Hz. 


Figure  9:  The  part  dose  to  t  °  0  of  a  slotted  auto  correlation 
furrction,  which  dearty  shows  that  the  noise  contribution  to 
the  auto  correlation  furrction  is  limited  to  the  first  slot 


Figure  14;  Raw  arKf  Kalman  reconstructed  velocities. 


Figure  11:  Power  spectrum  of  turbulence,  measured  in  the 
jet  of  a  stirred  vessel  using  trackers  and  the  cross  correlation 
technique.  Also  shown  first  order  low-pass  filter. 


Figure  13:  Turbulence  power  spectra  from  simulation  using 
Afferent  reconstnjctions.  a  ^  zero  order,  b  =  first  order,  c  » 
Kalman  scheme,  d  =  original  spectrum.  20  %  noise. 
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Abstract 

The  reconstruction  of  an  LDA  signal  refers  to  the  in¬ 
terpolation  of  the  measured  velocity  values  obtained  at 
random  times,  resulting  in  a  velocity  signal  continuous 
in  time.  In  particular,  this  paper  deals  with  the  bias 
and  variance  of  several  moment  and  spectral  estima¬ 
tors  based  on  reconstructed  LDA  signals.  In  addition 
to  conventional  reconstruction  techniques,  two  more  re¬ 
cent  methods  are  investigated,  including  projection  onto 
convex  sets  and  fractal  reconstruction.  Both  simulations 
and  experiments  have  been  used  to  evaluate  the  suitabil¬ 
ity  of  the  various  reconstruction  techniques  as  a  function 
of  the  flow  and  seeding  parameters. 

1  Introduction 

Flow  velocity  information  is  obtained  with  an  LDA  at  ir¬ 
regular  time  intervals,  corresponding  to  random  particle 
arrivals  in  the  control  volume.  Whereas  the  information 
content  of  data  obtained  by  equidistant  sampling  of  a 
continuous  process  is  well  deflned  by  Shannon  theorem 
[16],  there  currently  exists  no  equivalent  statement  for 
randomly  sampled  signals.  Furthermore,  the  probabil¬ 
ity  density  function  of  the  sample  intervals  is  dependent 
on  the  instantaneous  velocity  magnitude.  These  prop¬ 
erties  of  LDA  signals  must  be  considered  in  formulat¬ 
ing  moment  and  spectral  estimators  to  avoid  bias  errors 
[2,  5,  7]. 

Considerable  attention  has  been  directed  to  extract¬ 
ing  moment  and  spectral  information  from  LDA  signals, 
usually  with  the  intuitively  acceptable  conclusion  that  a 
higher  mean  particle  rate  will  lead  to  better  estimates. 
Parameter  estimation  customarily  takes  one  of  two  ap¬ 
proaches.  Either  estimates  are  based  directly  on  the 
available  velocity  samples,  their  arrival  times  and  possi¬ 
bly  further  information  such  as  residence  time;  or  an  in¬ 
terpolation  of  the  velocity  signal  between  the  measured 
values  is  performed,  followed  by  an  estimation  based 
on  the  reconstructed  signal,  often  using  an  equidistant 
sampling  of  the  reconstructed  signal. 


One  may  ask  why  such  a  myriad  of  data  processing 
approaches  exist  and  what  the  motivation  for  pursuing 
novel  approaches  can  be.  Three  interesting  situations 
can  be  cited  for  which  improvements  can  be  envisioned. 

1.  At  present,  direct  spectral  estimation  of  LDA  sig¬ 
nals  is  basically  a  trade-off  between  bandwidth 
and  variability[10].  At  higher  frequencies,  spec¬ 
tral  estimates  become  less  certain.  This  behaviour 
is  well  documented  and  is  not  likely  to  change  in 
principle  even  with  improved  estimators  [15,  17, 
20].  However,  the  estimator  variability  may  de¬ 
crease  for  some  estimators,  especially  if  physically 
plausible  information  regarding  the  spectrum  of 
turbulent  fluctuations  can  be  entered  into  the  es¬ 
timation  a  priori.  A  reconstruction  model  may 
be  capable  of  achieving  this  and  thus  extend  the 
bandwidth  or  improve  the  variability  of  the  esti¬ 
mate. 

2.  There  exist  several  frequently  encountered  mea¬ 
surement  situations  in  which  the  seeding  density 
is  not  homogeneous  and  may  be  correlated  with 
the  measured  velocity.  Mixing  layers  originating 
from  two  different  flow  sources,  or  combustion  sys¬ 
tems  in  which  the  detection  of  the  seeding  particles 
is  influenced  by  the  combustion  are  examples.  In 
such  situations  unbiased  moment  or  spectral  esti¬ 
mators  are  difficult  to  formulate  and  here  again,  a 
reconstruction  of  the  signal  may  offer  an  accept¬ 
able  alternative  [21]. 

3.  The  third  situation  concerns  spectral  estimation 
of  short  time  records,  necessary  when  analysing 
transient  flows.  One  such  example  is  length  scale 
estimation  in  an  internal  combustion  engine.  The 
validity  of  Taylor’s  hypothesis  put  aside,  rough 
length  scale  estimates  are  often  only  available  through 
a  spectral  analysis  of  single  point  velocity  mea¬ 
surements  in  an  engine.  Clearly,  length  scales  vary 
dramatically  throughout  the  cycle  so  that  an  es¬ 
timation  must  be  made  on  relatively  short  time 
records.  Conventional  spectral  methods  are  un¬ 
suited  to  this  task,  as  is  well  documented  by  the  in¬ 
creasing  number  of  methods  developed  for  speech 
processing  [llj. 
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Figure  1:  Schematic  representation  of  how  experimental  data  was  used  to  verify  results  of  the  simulation  program. 


The  present  paper  does  not  attempt  to  derive  a  the¬ 
oretical  statement  about  what  information  is  actually 
contained  in  LDA  data.  Rather  it  uses  an  empirical  ap¬ 
proach  to  compare  various  suggestions  which  have  been 
put  forward  in  the  literature,  and  to  investigate  under 
what  conditions  these  estimation  schemes  perform  well. 
But  even  with  this  more  modest  approach,  it  is  essential 
that  the  evaluation  of  the  result  is  accurate  enough  to 
recognize  possible  differences  or  improvements  between 
estimators.  This  has  been  achieved  by  a  combination  of 
simulation  and  experiment  as  summarized  in  Fig.  1  and 
described  briefly  below. 

The  study  of  reconstructed  LDA  signals  builds  on  pre¬ 
vious  work  involving  the  simulation  of  LDA  data  of  given 
statistical  properties  using  a  trivariant  autoregressive 
process  [8,  9].  The  simulated  LDA  data  can  then  be 
processed  and  compared  with  the  known  signal  proper¬ 
ties.  In  the  present  study  this  approach  has  been  refined 
by  also  obtaining  data  from  a  flowfield.  Both  LDA  and 
hot-wire  data  (HWA)  were  taken  from  various  positions 
in  a  flow.  Direct  comparisons  could  be  obtained  be¬ 
tween  an  analysis  of  the  LDA  data  and  the  continuous 
HWA  data.  Furthermore,  the  HWA  data  could  be  used 
both  directly  and  indirectly  to  simulated  the  LDA  data 
and  to  obtain  a  further  reasssurance  that  the  simulation 
results  were  realistic.  Finally,  purely  simulated  results 
provided  the  flexibility  to  investigate  situations  in  which 
an  equivalent  experiment  would  be  difficult  to  perform. 

2  Description  of  Reconstuction 
Models 

This  section  is  purposely  kept  concise  because  the  mod¬ 
els  used  are  taken  from  the  literature  and  described  else¬ 
where  in  detail  [14]. 


2.1  Polynomial  Interpolation 

A  zero  order  and  first  order  polynomial  have  been  used 
for  interpolation.  The  zero  order  interpolation  corre¬ 
sponds  to  the  well-documented  sample  and  hold  (S-l-H) 
or  arrival  time  weighted  estimator]!,  6,  23].  The  first 
order  interpolation  will  be  referred  to  as  a  linear  inter¬ 
polation. 

2.2  ‘Shannon’  Reconstruction  (SR) 

First  introduced  by  Clark  et  a/.[4]  and  applied  to  LDA 
data  by  Veynante  and  Candel[21],  this  approach  stretches 
the  time  axis  such  that  the  velocity  samples  lie  at  equally 
spaced  time  intervals.  Shannon  reconstruction [16]  can 
then  be  applied  to  interpolate  intermediate  points.  Af¬ 
ter  the  stretched-signal  reconstruction,  the  inverse  of  the 
stretching  transformation  can  be  used  to  resample  the 
signal  at  the  times  corresponding  to  equal  intervals  prior 
to  the  stretching.  This  approach  will  be  strictly  valid 
only  for  the  case  that  the  time-stretched  signal  is  band- 
limited  to  half  the  sampling  frequency. 

2.3  fVactal  Reconstruction  (FR) 

It  is  important  to  note  that  the  fractal  reconstruction 
discussed  in  [18,  19]  uses  equally  spaced  samples.  In  [3] 
and  this  study,  a  time-stretching  transformation  similar 
to  that  used  for  the  Shannon  reconstruction  has  there¬ 
fore  been  used  prior  to  the  fractal  reconstruction.  Note 
that  the  fractal  reconstruction  can  be  implemented  in 
different  ways.  Strahle  used  target  points  (mid-points) 
to  close  the  system  of  mapping  equations.  In  the  present 
study  with  non-equally  spaced  data,  this  method  was 
very  unstable  and  very  sensitive  to  the  smallest  variation 
of  velocity  value,  a  property  not  desirable  in  light  of  the 
noise  expected  to  accompany  LDA  measurements.  Re¬ 
sults  presented  by  Chao  and  Leu[3]  using  target  points 
appear  promising,  however  it  is  not  clear  that  their  data 
set  reflected  the  true  particle  arrival  statistics  of  LDA, 
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since  they  first  artificially  reduced  the  data  rate,  pos¬ 
sibly  preferentially,  although  unintentionally.  Therefore 
in  the  present  study,  the  fractal  reconstruction  was  im¬ 
plemented  using  a  fixed  d„  coefficient  in  the  defining 
relation 

f  'Tneu/  \  _  f  ^  \  \  +  f 

V  /  V  C„  dn  J  \  hold  )  \  fn  ) 

where  r  is  the  abscissa  of  the  time-stretched  coordinate 
system  and  h  is  the  transformed  velocity.  The  other 
transform  coefficients  were  determined  by  demanding 
collocation  on  every  interpolation  interval.  An  obvious 
weak  point  of  this  reconstruction  method  for  LDA  data 
is  that  the  essence  of  the  technique,  namely  the  simi¬ 
larity  in  scales,  is  not  preserved  after  the  reverse  time 
transformation. 

2.4  Projection  onto  Convex  Sets  (POCS) 

Interpolation  through  POCS  has  been  applied  in  a  vari¬ 
ety  of  fields  in  which  a  finite  bandwidth  B  of  the  under¬ 
lying  process  exists  and  is  known.  A  function  g{t)  which, 
through  digital  filtering  (rectangular)  satisfies  this  cri¬ 
teria,  i.e.  f7(w)  =  0  for  u)  >  2irB,  is  then  interatively 
matched  to  the  measured  velocities  u(t|j  using  the  iter¬ 
ation  algorithm 

where  A,-  is  a  relaxation  factor,  ||  ||  is  the  Lj-norm  and 
Ur(ti)  ~  h{ti)g{t).  Again  there  are  several  approaches 
to  implementation,  all  of  which  are  very  computation¬ 
ally  intensive.  Principally  however,  the  spectrum  of 
the  interpolation  is  band-limited  according  to  the  fil¬ 
ter  applied  to  g(t).  In  the  present  study  g’’{t)  was  a 
low-pass  filtered  linear  interplation  of  the  LDA  data,  re- 
pressented  by  discrete  values  at  interals  of  1/2B.  The 
one-dimensional  vector  is  defined  for  this  imple¬ 
mentation  of  g{t)  as: 

[si{2nB{Ti  -  <«)), . . . ,  si(2irB(TM  -  <,))] 

where  r,  are  equidistant  sampled  points  of  y(<).  Note 
that  this  method  is  not  necessarily  collocative,  depend¬ 
ing  on  the  termination  criteria  of  the  interation. 

Previously,  this  method  has  only  been  applied  by  Lee 
and  SungI12]  to  LDA  data,  with  apparent  success,  ex¬ 
tending  the  cut-off  limits  of  the  spectrum  by  5-6  times 
over  S-pH.  Unfortunately,  they  do  not  provide  informa¬ 
tion  on  their  choice  of  B  and  in  fact,  their  good  agree¬ 
ment  with  the  target  spectrum  may  well  be  fortuitous, 
the  true  deviation  being  compensated  by  aliasing.  More 
details  are  required  of  their  implementation  technique 
to  be  conclusive. 


2.5  Direct  Spectral  Estimation 

For  comparison  purposes  a  direct  spectral  estimation 
hais  also  been  performed.  This  estimator  is  similar  to 
that  proposed  by  Roberts  et  a/.  [15]  with  an  additional 
weighting  of  the  individual  velocity  values  ^(<0,  in  this 
case  with  the  residence  time: 

[E «"{'.)]' 

where  d{ti)  is  a  window  function.  In  [13]  this  estimator 
was  shown  to  be  superior  to  an  estimator  without  res¬ 
idence  time  weighting,  in  terms  of  turbulence-induced 
velocity  bias. 

3  Description  of  Simulation  and 
Experimental  Data  Sets 

3.1  Test  Signals 

Two  test  signals  were  used  to  illustrate  the  reconstruc¬ 
tion  schemes  in  time  domain,  as  shown  in  Fig  2.  The 
first  is  an  exponentially  modulated  cosinus  of  the  form 

=  cos(s1/ls) 

The  second  is  a  simulated  (ID)  flow  field  with  a  mean 
of  zero,  a  variance  of  1  m*/s*  and  an  integral  time  scale 
of  Is.  The  particle  density  was  chosen  to  yield  a  mean 
particle  rate  of  1  particle  per  integral  time  scale. 

3.2  Simulation  Data  Sets 

In  addition  to  the  two  test  signals  previously  mentioned, 
several  other  simulated  data  sets  were  investigated,  all 
with  a  mean  velocity  of  10  m/s,  an  integral  time  scale 
of  0.1s,  a  first  order  autoregressive  spectral  distribution 
and  a  primary  generation  of  100  samples  per  time  scale. 
The  turbulence  intensity  was  varied  between  10%  and 
100%  using  both  ID  and  3D  flowfield  simulations.  All 
simulated  data  sets  extended  over  10,000  integral  time 
scales.  The  particle  number  depended  on  the  seeding 
density,  which  was  varied  to  yield  an  average  date  den¬ 
sity  (particles  per  integral  timescale)  of  a  =  10, 1  or  0.1. 
Residence  times  were  generated  for  each  particle  passage 
using  measurement  volume  dimensions  of  20pm  x  20pm 
X  100pm.  Upon  reconstruction,  further  processing  con¬ 
tinued  only  after  a  resampling  at  equidistant  intervals 
of  0.01s.  Full  details  of  the  simulation  technique  can  be 
found  in  previous  publications  [8,  9]. 
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3.3  Experimental  Data  Sets 

Flow  velocity  measurements  were  performed  behind  a 
wall-mounted  obstacle,  allowing  variation  of  the  turbu¬ 
lence  intensity.  Hot-wire  measurements  and  LDA  mea¬ 
surements  were  performed  at  identical  positions,  the  for¬ 
mer  without  seeding.  Only  the  measurement  point  1  will 
be  used  in  this  study,  the  statistics  of  which  are  summa¬ 
rized  in  Table  1.  As  indicated  in  Fig.l,  the  HWA  data 
was  used  also  for  indirect  simulation  studies,  whereby 
the  statistical  values  shown  in  Table  1  were  used  as  a 
basis. 

The  primary  purpose  of  including  an  experiment  in 
this  investigation  was  to  verify  the  simulation  proce¬ 
dure.  This  is  illustrated  in  Fig.  3.  In  this  figure  the 
spectrum  measured  using  the  LDA,  employing  Shannon 
reconstruction  is  compared  to  the  spectrum  obtained  di¬ 
rectly  from  the  hot-wire  signal  and  with  the  simulated 
LDA  signal  using  the  hot-wire  signal  as  a  primary  series 
in  the  simulation.  This  comparison  shows  that  the  sim¬ 
ulation  procedure  yields  a  spectrum  very  similar  to  that 
which  was  actually  measured  with  LDA,  indicating  that 
the  numerical  seeding  procedure  is  trustworthy.  Fur¬ 
ther  reference  to  the  hot-wire  and  LDA  measurements 
will  not  be  made. 


i9«[s] 

utm/s] 

HWA 

<T2[inVs*l 

DoV] 

Tu[%l 

LDA 

N[^z] 

0.003 

8.156 

0.141 

1.67 

4.6 
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Table  1 :  Statistics  of  measurement  point  1 

4  Results  and  Discussion 


Already  the  interpolations  viewed  in  time  domain  (Fig.  2) 
indicate  that  the  success  of  any  scheme  will  depend 
largely  on  the  input  signal.  The  band-limited  test  signal 
!/„{<)  is  excellently  approximated  by  POCS,  since  this 
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Figure  3:  Verification  of  simulation  procedure  using 
HWA  signal  as  primary  series.  A  Shannon  reconstruc¬ 
tion  we»s  used  for  spectral  estimation. 


is  a  prerequisite  for  such  an  interpolation.  Further  eval¬ 
uation  of  the  reconstruction  schemes  however,  can  only 
be  on  the  basis  of  more  precise  statistical  measures.  For 
this  purpose  the  normalized  error  of  the  first  two  mo¬ 
ments,  using  arithmetic  averaging  of  the  reconstructed 
signal,  has  been  computed  and  presented  in  Fig.  4  for  the 
S-l-H,  linear  and  the  SR  reconstruction  schemes.  Also 
shown  is  the  percent  error  expected  for  a  free-running 
processor!?].  Note  that  the  abscissa  is  now  the  data 
density,  i.e.  the  data  rAte(N)  times  by  the  integral  time 

scale(i>u). 

As  expected,  the  normalized  errors  decrease  with  in¬ 
creasing  data  density.  The  first  moment  error  of  all  es¬ 
timators  follows  very  closely  the  S-l-H  error,  which  has 
also  been  theoretically  derived  and  is  shown  in  Fig.  4 [23]. 
From  these  measures  alone,  no  scheme  can  be  strongly 
favoured  over  the  other.  Examining  the  normalized  vari¬ 
ance  error  indicates  that  the  linear  interpolation  ex¬ 
hibits  significantly  lower  variance  estimates.  The  SR 
estimates  lie  between  the  linear  and  S-l-H  values. 

Spectral  estimates  based  on  a  resampling  of  the  re¬ 
constructed  signal  are  shown  in  Fig.  5  for  two  data  den¬ 
sities,  or  =  10  and  0.1,  corresponding  to  data  rates  of 
100  ad  1  Hz  respectively.  They  are  compared  to  the  ex¬ 
pected  spectrum,  computed  directly  from  the  primary 
simulation  series.  All  interpolation  based  estimators  are 
expected  to  exhibit  a  low-pass  filter  characteristic,  the 
cut-off  frequency  being  related  to  the  data  density.  This 
calls  for  great  caution  in  appraising  estimators,  since 
typical  turbulent  spectra,  and  also  the  simulation  mod¬ 
els,  resemble  closely  first  order  filters.  For  the  S-l-H  re¬ 
construction,  Adrian  and  Yao[l]  have  given  the  cut-off 
frequency  as  the  data  rate  divided  by  2v.  This  corre¬ 
sponds  to  16  and  0.16  Hz  for  the  two  simulations  respec¬ 
tively. 

From  Fig.  5  it  is  clear  that  the  linear  reconstruction 
and  the  Shannon  reconstruction  behaves  more  like  a  sec¬ 
ond  order  filter,  falling  off  more  rapidly  than  the  S-l-H 
reconstruction.  This  also  expluns  the  lower  variance 
observed  in  Fig.  4  for  the  linear  reconstruction.  The 
high  variability  of  the  direct  estimation  at  high  frequen¬ 
cies,  as  derived  by  Gastor  and  Roberts[10],  is  confirmed 
in  Fig.  5.  At  low  data  densities  all  estimators  resem¬ 
ble  the  S-l-H  result,  showing  an  increase  of  power  at 
low  frequencies,  attributed  to  step  noise  in  [1],  and  a 
decrease  at  higher  frequencies  due  to  the  filter  effect. 
In  fact,  the  residence  time  weighted  direct  spectrum 
appears  to  be  overall  the  most  efective  estimator  from 
these  data.  Again  it  must  be  emphasized  that  the  fact 
that  the  S-l-H,  Linear  and  SR  spectra  fall  off  at  higher 
frequencies  have  less  to  do  with  the  fact  that  they  esti¬ 
mate  the  flow  fluctuations  well,  rather  this  is  the  particle 
rate  filter  effect.  If  the  filter  effect  were  computationally 
removed,  these  spectra  would  resemble  the  flatness  of 
the  direct  estimate,  but  with  significantly  larger  bias. 
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Figure  4:  Percent  error  of  a)  mean  and  b)  variance  when  arithmetically  averaged  over  reconstructed  signal.  A  ID 
simulation  with  30%  turbulence  level  was  used. 


Figure  5;  Spectral  estimates  from  a  ID  flow  simulation  with  30%  turbulence  and  two  data  densities. 


The  estimate  based  on  the  Shannon  reconstruction 
typically  lies  between  the  S+H  and  the  linear  recon¬ 
struction.  In  [21]  this  reconstruction  scheme  appeared 
to  be  superior  to  others,  a  behaviour  which  is  surely 
attributable  to  the  bandwidth  limitation  of  the  three 
sinusoids  used  as  a  test  signal.  In  a  second  presenta¬ 
tion  of  spectral  estimates  from  Shannon  reconstruction, 
no  direct  comparison  to  other  techniques  were  explic¬ 
itly  given[22].  Note  that  one  assumption  in  applying 
this  technique  is  the  bandwidth  limitation  of  the  time- 
stretched  signal,  a  feature  which  by  no  means  has  been 
demonstrated  for  typical  LDA  signals.  Originally  this 
technique  was  applied  only  to  regularily  sampled  signals 
with  some  jitter  on  the  sample  times,  a  considerably  dif¬ 
ferent  situation  to  LDA  data(4]. 

The  difficulty  in  applying  fractal  reconstruction  to 
LDA  data  is  illustrated  well  in  Fig.  6a,  showing  the  de¬ 
pendence  of  the  mean  and  variance  bias  on  the  choice  of 
d„.  Although  a  value  of  0.17  appears  to  be  quite  effec¬ 
tive  in  minimizing  bias  errors  of  the  variance,  this  is  not 


known  beforehand  and  furthermore  the  optimal  value 
will  also  depend  on  turbulence  level  and  data  density. 
The  mean  bias  does  not  reach  zero  even  for  a  dn  value 
of  0.4. 

Using  the  fixed  value  d„  =  0.17,  the  spectra  for  a  = 
10  and  O.I  using  the  fractal  reconstruction  are  shown  in 
Fig.  6b.  At  high  data  densities  the  fractal  reconstruction 
lies  between  the  S-FH  and  SR  in  the  upper  frequency 
range.  At  low  data  densities  the  FR  estimate  agrees 
well  with  the  linear  and  SR  estimates,  i.e.  it  exhibits 
a  stronger  filter  effect  than  the  S-f  H  estimate. 

These  results  do  not  support  the  optimism  of  [3]  in 
applying  FR  to  LDA  data.  Possible  refinements  to  im¬ 
prove  the  FR  spectral  estimation  are;  application  of  FR 
without  the  time-stretching  transformation;  estimation 
of  the  fractal  dimension  (D,)  from  randomly  sampled 
points  and;  formulation  of  some  relation  between  Do 
and  d„. 
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Figure  6:  a)  Influence  of  d„  on  mean  and  variance  bias  of  reconstructed  signal;  b)  spectral  estimates  using  fractal 
reconstruction  with  d„  =  0.17. 


Figure  7:  Spectral  estimates  using  a  POCS  reconstruction;  a)  S  =  o/2;  b)  B  =  0/I.6,  o=10. 


Fin^dly  the  results  of  applying  the  POCS  interpo¬ 
lation  are  presented  in  Fig.  7.  In  Fig.  7a  the  effect 
of  data  density  at  a  bandwidth  of  !7— l/2a  is  demon¬ 
strated.  Here  the  filter  influence  is  much  more  severe 
than  with  other  interpolation  schemes,  exhibiting  in  ad¬ 
dition  an  oscillation  corresponding  to  the  applied  box¬ 
car  filter  (Gibb’s  phenomenon).  If  B  is  increased  be¬ 
yond  a/2,  the  spectrum  estimate  can  closely  approach 
the  expected  spectrum,  as  shown  in  Fig.  7b  for  a=10, 
however  the  correct  choice  of  B  is  not  known  before¬ 
hand.  Furthermore,  if  B  is  increased  still  further,  the 
POCS  spectrum  will  asymptotically  approach  the  Lin¬ 
ear  estimate,  because  the  linear  interpolation  was  used 
as  a  start  value  for  g{i).  These  results  indicate  that  the 
POCS  estimation  is  not  a  promising  alternative  in  the 
present  implementation,  at  least  without  some  scheme 
for  choosing  B. 


5  Final  Remarks 

The  possibility  of  improving  parameter  estimation  for 
LDA  data  through  the  use  of  signal  reconstruction  tech¬ 
niques  has  been  investigated.  Several  reconstruction 
techniques  have  been  considered,  some  of  which  have 
been  reported  on  previously  in  the  literature,  usually  to¬ 
gether  with  promising  results.  The  results  of  the  present 
study  however,  have  shown  that  of  those  techniques  con¬ 
sidered,  none  can  unconditionally  be  considered  superior 
to  a  residence  time  weighted  direct  estimation. 

The  implementation  of  the  time-stretching  transfor¬ 
mation  in  the  fractal  reconstruction  is  unsatifactory,  since 
the  similarity  of  scales  is  not  preserved.  A  refinement 
in  this  regard  could  bring  improvements,  although  some 
doubt  exists  whether  previously  reported  performance 
can  be  achieved  with  actual  LDA  data. 

While  the  present  results  cannot  clearly  recommend  a 
signal  reconstruction  as  an  alternative  to  the  direct  esti¬ 
mation,  other  conclusions  may  be  obtained  for  the  case 
of  non- homogeneously  seeded  flows,  as  was  examined  in 
[21).  This  will  be  the  topic  of  future  work. 
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ABSTRACT 

LDV  systems  with  directional  discrimination  usually 
involve  frequency  shift  techniques.  As  the  LDV  measuring  signal 
consists  of  the  frequciicy  shift  and  the  Doppler  shift,  conventional 
LDV  signal  processing  techniques  are  based  on  a  high  stability 
aitd  a  small  bandwidth  of  the  generated  frequency  shift. 

The  requirements  on  the  frequeiKy  shift  can  be  reduced 
drastically  if  the  resulting  carrier  frequency  is  exclusively  used  as 
auxiliary  carrier  which  is  eliminated  v^ien  a  quadrature  signal  pair 
in  the  baseband  containing  the  directional  infmmation  is 
generated. 

Using  heterodyning  artd  quadrature  signal  processing 
techniques  novel  frequency  shift  generation  concepts  can  be 
realized  in  directional  LDV-systems. 

1.  INTRODUCTION 

Conventionally  used  techniques  for  directional 
discrimination  in  the  laser  Doppler  velocimetry  are  based  on  the 
generation  of  a  frequenc'  shift  between  the  laser  beams  being 
focussed  into  the  measur’ng  volume  (Drain,  1986). 

By  means  of  the  frequency  shift  the  measuring  signal  is  a 
carrier  frequency  signal  which  consists  of  the  carrier  frequency 
and  the  Doppler  frequency.  The  carrier  frequency  is  given  by  the 
frequency  shift  between  the  laser  beams  and  the  Doppler 
frequency  by  the  measuring  effect  For  the  determination  of  the 
magnitude  and  sign  of  the  Doppler  frequency  the  carrier 
frequency  has  to  be  well  known.  Therefore,  frequency  shift 
techniques  usually  require  carrier  frequencies  having  a  high 
stability  and  a  small  bandwidth. 

Since  the  frequency  shift,  based  on  the  an’lication  of 
conventional  frequency  shift  techniques  (Oldengarm  et  al  (1976), 
Durao  and  Whitelaw  (1975)  ar^  Jones  et  al  (1984)),  is 
exclusively  given  by  the  electronic  drivers  for  the  optoelectronic 
components  generating  the  frequeiKy  shift,  a  high  stability  of  the 
carrier  frequency  can  be  achieved.  Therefore,  conventional  LDV 
signal  processing  techniques  are  generally  designed  for  the 
evaluation  of  Doppler  si^ials  having  a  stable  carrier  frequency 
with  a  bandwidth  which  is  iKglectable  in  comparison  with  the 
bandwidth  given  by  the  measuring  effect 

That  may  be  the  reason  why  other  frequency  shift 
techniques  generating  uitstable  frequency  shifts  with  high 
bandwidths  have  not  been  taken  into  account  for  directional  LDV 
systems. 


Especially  if  new  frequency  shift  techruques  based  on  the 
application  of  different  laser  sources  or  frequetKy  shift  processes 
for  each  LDV  beam  are  considered,  the  stability  and  liiKwidtii  of 
each  LDV  beam  enter  directly  into  the  stability  and  bandwidth  of 
tile  resulting  shift  frequency  (MOller  el  al,  1993).  As  consequence 
one  has  to  evaluate  signals  with  frequency  bandwidths  and 
frequerxry  shift  fluctuations  which  can  lie  in  the  100  MHz  range. 
Utilizing  signal  processing  techniques  for  LDV  signals  which  are 
able  to  evaluate  small  Doppler  shifts,  even  if  the  bandwidths  of 
the  detected  signals  are  higher  in  orders  of  magnitudes,  new 
frequeiKy  shift  techniques  can  be  introduced  for  manifold  LDV 
applications. 

It  will  be  shown  that  transferring  heterodyiK  and 
quadrature  signal  processing  techniques  to  the  laser  Doppler 
velocimetry,  new  frequency  shift  coiKepts  can  be  employed  even 
for  large  carrier  fre^ency  bandwidths  provided  that  they  lie 
within  the  detection  bandwidth  of  the  itiiotodetectors. 

It  has  to  be  pointed  out  tiiat  in  contrast  to  commonly  used 
LDV  systems  tiie  resulting  carrier  frequency  is  exclusively  used 
as  auxiliary  carrier  which  is  eliminated  when  generating  a  quadra- 
tiae  signal  pair  in  the  baseband  containing  the  directional 
informatioa 

The  advantages  of  the  described  technique  which  mainly 
consist  in 

-  tire  avoidaiKe  of  any  frequeiKy  shift  adaptation  over  an 
increased  velocity  range  from  "zero"  up  to  "high  velocities", 

•  the  utilization  of  fliKtuating  frequency  shifts  without 
deteriorating  the  measuring  accuracy, 

-  tire  applicability  of  new  frequency  shift  techniques  with  shift 
fipequency  bandwidtiis  up  to  100  MHz 

wiD  be  demonstrated  at  several  examples  of  itimv^ve  LDV 
systems  based  on  novel  frequeiKy  shift  techniques  using  the 
optical  frequency  difference  of 

-  two  orthogonally  polarized  modes  of  a  micro  crystal  laser, 

-  stimulated  Stokes  waves  in  different  optical  fibres, 

-  different  laser  sources  such  as  monomode  laser  diodes  or 
Nd:Y AG-ring  lasers 

as  frequency  shift. 

The  aim  is  to  present  heterodyning  and  quadrature  signal 
generation  in  the  baseband  as  low  cost  signal  processing 
techniques  which  allow  to  realize  directional  LDV  systems  with 
reduced  requirements  on  the  frequency  shift  generation. 

The  combination  of  the  described  signal  processing 
techniques  and  novel  frequency  shift  techniques  will  allow  to 
realize  promising  compact  and  low  cost  directional  LDV  systems. 
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2.  METHOD 

2.1  Heterodyning  and  quadrature  signal  generation 

In  order  to  utilize  new  fiequency  shift  techniques  in  the 
laser  Doppler  velocimetry,  measuring  signals  with  instable  carrier 
frequerKies  and  high  bandwidths  have  to  be  evaluated.  A  method 
of  eliminating  shift  fiequency  irihiences  on  the  evaluation  of  the 
measuring  information  is  the  simultaneous  detection  of  the 
measuring  signal  and  a  reference  signal.  A  reference  signal  can 
easily  be  generated  by  optical  heterodyning  of  the  LDV  beams 
and  detected  as  beat  signal  on  a  PIN  photodetector. 

Frequency  fluctuations  and  bandwidth  influences  in  both 
carrier  fiequency  signals,  the  measuring  signal  and  the  reference 
signal,  are  correlated  so  that  their  influence  on  the  measuring 
information,  the  Doppler  fiequency,  can  be  eliminated 
correlation  techniques.  Whereas  the  correlation  of  the  carrier 
fiequeiKy  signals  in  the  range  of  some  ten  MHz  with  baitdwidths 
up  to  some  MHz  can  be  carried  out  by  transient  recorder  tech¬ 
niques  (Kramer  el  al,  1994),  the  evaluation  of  measurirtg  signals 
with  carrier  fiequencies  and  bandwidths  in  the  100  MHz  range 
requires  analogous  correlation  techniques.  In  this  case  the 
correlation  can  be  performed  by  electronical  heterodyning  using 
conventional  mixer  and  filter  units  (see  Figure  1 ). 


Fig.  I  a)  Block  diagram  of  the  correlator  (mixer-filter)  unit 
b)  Typical  burst  signal  pair  as  output  quadrature  signal 
pair 

To  retain  the  directional  information  when  elimiiuding  the 
shift  frequency  with  all  its  fluctuations  by  the  mixer  stage, 
quadrature  signals  have  to  be  generated  (Agrawal,  1984).  For  the 
generation  of  quadrature  signals  the  reference  signal  with  the 
carrier  fi-equency  determined  by  the  fiequency  shift  is  given  to  the 
input  of  a  broadband  hybrid  coupler.  At  the  outputs  of  the 
coupler  one  gets  two  signals  having  the  same  amplitudes  but  a 
phase  shift  of  90  degrees  against  each  other.  By  mixing  the 
measuring  signal  with  the  reference  quadrature  signal  pair  one 
gets  a  burst  signal  pair  in  the  baseband  ("carrier  fiequency  equal 


zero')  containing  only  the  Doppler  fiequency  and  the  directional 
informatioa 

The  correlation  by  electronical  heterodyning  and  the 
quadrature  signal  generation  may  be  illustrated  in  the  following 
explanations.  With  the  expressions: 


/sh 

shift  frequency  (carrier  fiequerKy) 

Al 

shift  frequency  fluctuation 

/o 

Doppler  fiequency  (measuring  information) 

<fi(/)  : 

phase  fluctuations 

determining  the  carrier  fiequency  bandwidth 

I 

signal  amplitude 

the  measuring  signal  can  be  described  by: 

and  for  the  reference  signal  pair  follows  equivalently: 

sin2«^((4^  )t*0^(i)), 

cos2a-((/g,  +  ^  )f  (/)) . 

As  the  fiequency  and  phase  fluctuations  in  both  carrier 
fiequency  signals  are  highly  correlated  one  can  write: 

ftxu  ~ 

(0=«>R  (')  =  <»>(«  )• 

By  mixing  the  measuring  signal  with  the  reference  signal 
pair  one  gets  the  two  mixing  products: 

ilJ^{cos2itf^i  - |cos(2ff (2/j,  +  2/„  +/„)»  +  20{l)] , 
(sin2>r/u»  +  (sin(2^(2/s,  +  2/„  *f^)l  +  2«>(/)] . 

where  the  expression  [...]  can  be  neglected  after  low  pass  filtering 
of  the  mixer  output  signals.  The  correlator  output  signals  are  then 
given  by  the  quadrature  signal  pair: 

|/^;„cos2;r/u/, 

■^/^/„sin2;r/u/. 

The  resulting  quadrature  burst  signal  pair  is  obviously  free 
of  shift  fiequency  influeiKes,  the  remaining  measuring 
information  fo  gives  the  magnitude  of  the  velocity  and  the  phase 
relationship  of  the  quadrature  signal  pair  the  sign  (see  Fig.  lb  and 
ch^ter  2.3). 

The  efficacy  of  the  heterodyne  technique  for  the 
evaluation  of  measuring  signals  with  instable  carrier  fiequoicies 
caused  by  fluctuating  fiequency  shifts  will  be  demonstrated  at 
several  novel  LDV-systems  starting  with  shift  fiequency 
bandwidths  in  the  kHz-range  and  shift  fiequency  drifts  in  MHz 
range  using  the  optical  fiequency  difterence  of  two  separable 
modes  of  a  micro  crystal  laser  (see  chapter  3.1)  up  to  carrier 
fiequency  bandwidths  in  the  100  MHz-range  using  the  optical 
fiequeiKy  difference  of  two  fiequeiKy  stabilized  monomode  laser 
diodes  (see  chapter  3.3). 


23.3.2. 


2 . 2  Heterodyning  for  the  realization  of  direcbonal 

multicomponent  systems 

By  generating  txequency  shifts  for  the  directional 
discrimination  in  I  DV  systems,  one  gets  carrier  frequency 
signals.  The  canic!  frequeiKy  is  given  by  the  frequency  shift  and 
can  be  elim^-.uied  by  a  correlator  unit  (see  Figure  la))  while 
retaining  the  directional  information  in  the  phase  relationship  of 
the  quadrature  signal  pair  resulting  in  the  baseband  This  concept 
allows  the  use  of  any  frequeiKV  shift  higher  than  the  occurring 
Doppler  shifts  without  having  an  influence  on  the  evaluation  of 
the  measuring  information.  In  consequence  different  arbitrary 
frequency  shifts  can  be  used  for  a  channel  separation  to  realize 
directional  muibcomponent  LDV  systems.  Therefore,  three  laser 
beams  of  sli^by  different  light  frequencies  have  to  be  focussed 
into  the  measuring  volume. 

For  the  generabon  of  the  frequeiKy  shifts  any  frequency 
shift  technique,  especially  the  novel  frequency  shift  techiuques  de~ 
scribed  in  the  chapters  3.2  and  3.3,  can  be  employed.  To  realize 
adjustment  insensitive  systems  and  to  make  the  reference  signal 
generation  as  easy  as  possible,  the  applicabon  of  fibre  optics 
seems  to  be  advantageous.  Using  pigtailed  laser  sources,  pigtailed 
PIN-photodiodes  and  fibre  couplers  for  the  generation  of  the 
reference  signals  by  opbcal  heterodyning,  pigtailed  gradient  index 
lenses  for  focussing  the  laser  beams  into  the  LDV  measuring 
volume  and  a  convenbonal  backscatter  opbc  for  the  deteebon  of 
the  LDV-measuring  signal,  it  is  possible  to  realize  a  compact 
LDV-system. 

Instead  of  using  wavelength  stabilized  laser  sources,  one 
laser  source  for  each  laser  beam,  it  would  also  be  possible  to  use 
different  sbmulated  Brillouin  waves  as  described  in  chapter  3.2. 

In  any  way,  one  gets  only  one  measuring  signal  containing 
different  carrier  frequencies  corresponding  to  the  different 
velocity  components  to  be  measured.  For  each  velocity 
component  one  carrier  frequeiKy  reference  signal  has  to  be 
generated.  Each  carrier  frequency  is  determined  by  the 
corresponding  shift  frequeiKy  and  can  therefore  be  detected  as 
the  beat  signal  of  fiacbonal  intensibes  of  both  LDV  beams  in  each 
LDV  beam  pair.  The  separation  of  the  different  components  can 
then  be  realized  by  an  extended  iruxer/coirelator  uiut  as  shown  in 
Figure  2. 
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Fig.  2  Correlator  uiut  for  a  direcbonal  two  component 
LDV-system 


2.3  Evaluabon  of  the  quadrature  signals 

Due  to  the  mixing  process  of  the  earner  frequency  signals, 
the  low  pass  filtered  mixing  products  in  the  basebaitd  look  like 
band-pass  filtered  signals  without  any  offsets  caused  by  the 
Gaussian  intensity  profile  in  the  measuring  volume  (see  Fig.  lb) 
The  evaluabon  of  the  quadrature  signal  pairs  resulting  in  the 
baseband  can  be  performed  by  employing  conventiofial  transient 
recorders  as  well  as  quadrature  demodulabon  techiuques 
(Czarske  et  al,  1 993  and  1 994)  or  direcuonal  counters  By 
employing  transient  recorder  techiuques  it  is  possible  to 
detemune  the  amount  of  the  velocity  by  evaluating  the  burst 
frequencies  with  FFT  algorithms  or  the  zero  crossings  m  each 
burst  signal  and  the  sign  of  the  velocity  by  evaluating  the  phase 
lelabonship  in  the  quadrature  signal  pair.  The  discriminabon  of 
the  velocity  sign  is  illustrsted  in  the  Figures  3a)  and  4a)  which 
show  the  tet  halves  of  typical  burst  signals  for  opposite  velocity 
direebons.  The  determination  of  which  charmels  leads  the  other, 
gives  the  direcbonal  informabon. 

Each  burst  signal  pair  can  also  be  represented  in  a  x-y-plot 
as  a  spiral  which  is  given  by  a  rotabng  phasor.  Each  rotation  of 
the  phasor  corresponds  to  one  burst  signal  period  and  the 
diiecbon  of  the  rotation  to  the  sign  of  the  velocity  (see  Figures  3b 
and  4b).  As  each  rotabon  of  the  phasor  corresponds  to  one  burst 
signal  period  and  each  burst  signal  period  to  oik  fringe  spacmg  in 
the  measuring  voIuiik,  the  variabon  in  bme  of  the  phase  angle  of 
the  phasor  direeby  gives  the  path-bme  curve  of  a  particle  passing 
through  the  measuring  volume.  The  Figures  3c)  and  4c)  show  the 
periodical  phase  angle  bme  functions  for  different  velocity 
direebons.  Considehng  the  periodicity  by  adding  2rr  for  each 
phase  jump  (phase  unwrapping)  one  gets  the  phase  angle  bme 
fimebons  represented  in  the  Figures  3d)  and  4d).  For  parbcles 
passing  through  the  measuring  volume  with  a  constant  velocity, 
the  resulbng  phase  angle  biiK  fimebons  are  straight  lines 
corresponding  to  the  path-bme  curves  of  the  particles  Conse¬ 
quently  the  amount  and  sign  of  their  slope  directly  determiiK  the 
amount  and  sign  of  the  velocity  to  be  measured. 

Caused  by  the  linear  interrelationship  between  the  phase 
angle,  given  by  the  quobent  of  the  quadrature  signal  pair  and  the 
place  of  the  tracer  parbcle  in  the  measuring  voIuiik,  the 
evaluabon  of  the  phase  angle  bme  funebon  direeby  allows  to 
invesbgate  quasistabc  processes  with  velocibes  even  to  zero. 

Furthermore  the  phase  angle  bme  fimebon  given  by  the 
measured  bme  series  of  the  phase  angle  values  allows  to  perform 
a  burst  frequency  estimation  by  the  use  of  bie  least-squares 
iiKthod.  A  linear  regression  of  the  phase  angle  values  makes  it 
direeby  possible  to  analyse  the  averaged  tracer  parbcle  velocity  in 
the  measuring  volume,  which  is  proporbonal  to  the  center 
frequency  of  the  burst  signaL  given  by  die  slope  in  the  graphs 
shown  in  Fig.  3d  and  Fig.  4d.  The  accuracy  of  the  phase  angle 
values,  given  by  the  standard  deviabon  deperxls  upon  bie  signal- 
to-noise-ratio.  Changes  in  the  momentary  frequeiKy  within  one 
signal  burst  (e.g.  in  turbulent  flows)  can  be  evaluated  by  fitting 
non-linear  polynomials. 

As  heterodyning  is  enqrloyed  to  eliminate  the  shift 
frequeiKy  with  all  its  fluctuabons  and  quadrature  signal 
processing  allows  to  evaluate  burst  signals  in  the  baseband  over  a 
wide  frequency  range  inchisiveiy  the  direcbonal  information,  the 
described  signal  processing  tedmique  is  a  powerful  tool  for  bie 
signal  evaluation  in  LDV  systems  with  arbitrary  frequeiKy  shifts 
and  frequeiKy  shift  bandwidths  provided  that  they  lie  in  bie 
photodetector  bandwidbis. 
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Fig.  3  First  half  of  a  typical  quadrature  burst  signal  pair 
resulting  in  the  baseband 

a)  time  function  of  the  quadrature  signal  pair 

b)  spiral  described  by  the  phasor  defined  by  the 
quadrature  signals 

c)  phase  angle  time  function  given  by  the  rotating  phasor 

d)  continuous  fimction  considering  the  2a' phase  jumps 


Fig.  4  First  halfofa  typical  quadrature  burst  signal  pair 

for  the  opposite  velocity  direction  as  shoivn  in  Fig.  3 

a)  time  function  of  the  quadrature  signal  pair 

b)  spiral  described  by  the  phasor  defined  by  the 
quadrature  signals 

c)  phase  angle  time  fimction  given  by  the  rotating  phasor 

d)  continuous  function  considering  the  2aphase  jimips 


23.3.4. 


3.  NOVEL  FREQUENCY  SHIFT  LDV  TECHNIQUES 
AND  EXPERIMENTAL  RESULTS 


3.1  Use  of  two  separable  inodes  of  a  micro  crystal  laser 


The  ^plication  of  Nd:YAG  micro  crystal  lasers  allows  to 
realize  LDV-systems  with  a  fiequency  shift  between  the  LDV- 
beams  which  is  directly  generated  in  the  laser  resonator  (Schmidt 
el  al,  1993).  By  inducing  local  birefringence  in  the  crystal  of  the 
laser  resonator  which  is  as  short  that  only  one  lasing  mode  can  be 
anqrlified  in  the  gain  bandwidth  of  the  lasing  medium,  a  single  line 
emission  in  two  orthogonally  polarized  modes  can  occur.  Due  to 
the  optical  fiequency  difference  of  the  two  orthogonally  polarized 
states  of  the  single  lasing  mode,  two  frequency  shifted  LDV 
beams  can  easily  be  generated  by  the  use  of  polarizing  beam 
splitters. 

Applying  micro  crystal  lasers  for  the  Doppler  velocimetiy 
compact  low  cost  directional  velocimeters  can  be  realized 
without  needing  conventionally  used  optoelectronic  components 
for  the  generation  of  a  frequency  shift  between  the  LDV  beams 
being  focussed  into  the  measuring  volume  (Kramer  ei  al,  1994). 

A  set-up  of  a  LDV  system  based  on  a  micro  crystal  laser  is 
shown  in  Fig.  5.  A  quarter  wave  plate  in  the  output  beam  of  the 
micro  crystal  laser  generates  two  almost  linear  polarized 
orthogonal  light  waves  which  are  separated  and  splitted  up  by  a 
Wollaston  {Hism  into  two  frequency  shifted  orthogonal  polarized 
laser  beams.  Behind  the  first  lens,  where  the  laser  beams  are 
parallel,  a  half  wave  plate  is  introduced  into  one  beam  path  to 
provide  the  same  polarization  for  the  two  beams  being  focussed 
into  the  measuring  volume  by  a  second  lens. 


Fig.  S  Set-up  of  the  realized  LDV  system  based  on  a  micro 
crystal  laser 


The  scattered  light  of  the  particles  passing  through  the 
measuring  volume  is  detected  in  backward  direction  and  focussed 
onto  an  avalanche  photo  diode  (APD)  which  generates  the 
measuring  signal.  For  the  generation  of  a  reference  signal  a  plan 
plate  in  the  output  beam  of  the  micro  crystal  laser  reflects  a 
fractional  part  of  the  beam  onto  a  PIN  photodetector,  where  the 
two  orthogonal  laser  modes  are  superimposed  to  produce  a  beat 
signal. 

Whereas  the  small  linewidth  of  the  beat  signal  would  allow 
to .  employ  conventional  signal  processing  techitiques,  precise 
velocity  measurements  require  a  simultaneous  detection  of  the 
measuring  and  a  reference  signal  due  to  the  drift  effects  of  the 
shift  frequency  depending  on,  for  example,  the  crystal  tempera¬ 
ture  with  a  coefTicient  of  about  I  MHz/K. 


Figure  6  shows  the  spectra  of  the  simultaneously  detected 
measuring  and  the  reference  signal  in  the  set-up  being  represented 
in  Figure  5.  The  bandwidth  of  the  signals  is  small  enough  that  the 
spectra  can  be  evaluated  in  the  conventional  way.  The  peaks  of 
the  spectra  corresponding  to  the  burst  frequency  of  the  measuring 
signal  are  higher  or  lower  than  the  frequeiKy  of  the  refereiKe 
signal  depending  on  the  sign  of  the  velocity. 

Figure  7  shows  an  interval  of  a  typical  quadrature  burst 
signal  pair  resulting  in  the  baseband  by  applying  the  described 
signal  processing  technique  which  has  been  discussed  in 
chapter  2.  The  frequency  of  the  resulting  quadrature  burst  signal 
pair  determines  the  amount  and  the  rotation  direction  of  the  spiral 
the  sign  of  the  velocity  to  be  measured.  The  shift  frequency  was 
22  MHz  but  this  this  is  insignificant  for  the  heterodyne  and 
quadrature  signal  processing  technique. 


Fig.  6  Spectra  of  the  simultaneously  detected  reference  and 
measuring  sigiul  with  the  set-iq>  shown  in  Fig.  S. 


Fig.  7  First  half  of  a  measured  quadrature  signal  pair  with  the 
LDV  set-up  shown  in  Fig.  S.  The  rotation  direction  of 
the  phasor  described  by  the  spiral  respectively  the 
discrimination  which  channel  leads  the  other  gives  the 
directional  information. 
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3.2  Use  of  stimulated  Brillouin  scattering  as  frequency  shift 

mechanism 

To  realize  an  adjustment  insensitive  frbre  optical  LDV 
system  for  directional  velocity  measurements  without  needing 
additional  components  for  the  frequency  shift  generation, 
stimulated  Brillouin  scattering  (SBS)  occurring  in  the  core  of  an 
optical  fibre  can  be  used  as  frequency  shift  mechanism  (Tdbben  el 
at,  1994). 

lite  incident  wave  of  a  narrow  linewidth  1319  nm 
Nd:YAG  laser  pumps  an  acoustic  wave  which  scatters  it  The 
backscatteied  Brillouin  wave  is  downshifted  in  frequency  by  an 
amount  equal  to  the  acoustic  frequency  in  the  13  GHz  range.  To 
get  a  frequency  shift  in  a  lower  fre^ency  range,  the  optical 
frequency  difference  of  two  stimulated  Brillouin  waves  was  used: 

-^Sk  ~  f  K\~  f 


Fig.  9  Frequency  spectrum  of  the  reference  signal  of  the 

Brillouin  frequency  shift  LDV  shown  in  Fig.  8 


where  /a.i  and  are  the  frequency  shifts  of  the 
stimulated  Brillouin  waves  generated  by  one  laser  source  in  two 
differently  doped  sibca  fibers.  By  correlating  the  titeasuring  signal 
with  the  beat  signal  of  the  two  Brillouin  waves  as  referetKe 
signal,  the  Doppler  shift  and  the  directional  information  can  be 
evaluated  independent  of  frequency  shift  instabilities. 
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Fig.  8  Experimental  set-up  of  a  frequetKy  shift  LDV  based  on 
stimulated  Brillouin  scattering  as  frequency  shift 
mecluuusm 


The  experimental  configuration  shown  schematically  h 
Fig.  8  was  used  to  generate  two  stimulated  Brillouin  waves  S| 
and  Sj  in  two  differently  doped  monomode  fiber  coils.  Via  fused 
fiber  couplers  half  of  the  intensity  of  the  stimulated  Brillouin 
waves  was  focussed  into  the  measuring  volume  by  two  gradient 
index  (GRIN)  lenses.  The  beat  frequency  of  the  stimulated 
Brillouin  waves  S|  and  Sj  gave  the  reference  signal  for  (he 
detection  of  the  momentary  frequency  shift.  Figure  9  shows  the 
fiequeiKy  spectrum  of  the  reference  signal  having  a  shift 
frequency  of  about  2S7  MHz  and  frequency  fluctuations  over  a 
range  of  IS  MHz. 


It  is  obvious  that  conventional  LDV  signal  processing 
techniques  would  fail  when  evaluating  fluctuating  carrier 
frequency  signals  in  the  2S0  MHz  range.  Empkqring  the 
heterodyning  and  quadrature  signal  processing  technique  one  gets 
quadramre  burst  signals  in  the  baseband  corttaining  the  Doppler 
frequency  and  the  directional  information.  Figure  10  shows  an 
example  of  a  typical  burst  signal  of  the  BtiDouin  frequency  diift 
LDV  by  employing  the  described  signal  processing  technique. 


Fig.  10  First  half  of  a  detected  and  downmixed  LDV  quadrature 
signal  pair.  The  determination  of  which  channel  leads  the 
other  gives  the  directional  information  requested. 
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3.3  Use  of  the  optical  frequency  difieroice  of  two  monomode 
laser  diodes 

The  generation  of  a  frequency  shift  by  using  the  optical 
frequency  difference  of  two  stabilized  monomode  laser  diodes 
allows  on  principle  the  realization  of  simple  and  low  cost  direc¬ 
tional  LDV  set-ups  (see  Figure  U  and  MQller  and  Dopheide, 
1993).  Therefore,  two  laser  diodes  with  almost  equal  emission 
frequencies  are  required. 


Fig.  1 1  Principle  of  a  frequency  shift  LDV  set-up  using  the 

optical  difference  frequency  of  two  stabilized  monomode 
lasers 


The  selection  of  appropriate  monomode  laser  diodes 
requires  the  measurement  of  their  spectral  characteristics 
depending  on  the  current  and  the  temperature  of  the  laser  diodes. 
The  resulting  mode  charts  allow  to  choose  the  exact  (iterating 
parameters  for  the  laser  diodes.  En^loying  40  mW  Hitachi 
monomode  laser  diodes  of  the  HL  8318  type  and  evaluating  the 
mode  charts  a  typical  dependence  of  the  emission  frequency 
within  one  mode  is  given  ^  4.4  GHz/mA  for  the  diode  current 
and  by  19.6  GFIzfK  for  the  diode  temperature.  Almost  equal 
emission  wavelengfris  (830.800  nm  for  example)  can  be  achieved 
by  adjusting  the  temperatures  of  both  laser  dio^s  and  by  tuning 
the  laser  diode  current  of  one  laser  diode  of  the  pair.  Erqi^ments 
have  shown  that  the  resultittg  frequency  fluctuations  were  less 
than  100  MHz/s  within  a  frequency  range  of  about  one  GHz 
without  any  shift  frequency  control  unit  Using  laser  diodes  of  the 
HL  8318  type  typic^  carrier  frequency  bandwidths  in  the  100 
MHz  range  were  observed  (see  Figure  12). 


Fig.  1 2  Beat  signal  of  two  stabilized  HL  83 18  laser  diodes  as 
reference  signal  corresponding  to  the  resulting  shift 
frequency 


Although  the  bandwidth  of  the  detected  carrier  frequency 
signals  are  higher  in  orders  of  magnitudes  than  the  Doppler 


frequencies  which  have  to  be  evaluated,  the  described  signal 
processing  technique  allows  a  precise  evaluation  of  the  amount 
and  sign  of  the  velocities  to  be  measured.  Figure  13  shows  an 
example  of  the  first  half  of  a  typical  quadrature  burst  signal  pair 
in  the  baseband. 


time  — •  10  (IS 


Fig.  13  Measured  LDV  quadrature  signal  pair  for  the  directional 
velocity  measurement  with  the  LDV  set-up  in  Fig.  1 1 . 

By  employing  conventional  commercially  available 
monomode  laser  diodes  for  the  described  frequency  shift  LDV 
using  one  laser  diode  for  each  LDV  beam  it  is  possible  to  realize 
low  cost  directional  LDV  systems  with  imemed  power  in  the 
measuring  volume  and  without  needing  additional  optoelectronic 
components  for  the  frequeiKy  shift  genentioa  The  only 
disadvantage  is  the  necessity  of  selecting  appropriate  monomode 
laser  diodes  by  evaluating  the  measured  mode  charts. 

To  avoid  selection  problems  in  finding  appropriate 
monomode  laser  diodes  with  almost  equal  emission  fir^encies 
and  overlapping  tuning  ranges  without  mode  hopping,  DFB 
(distributed  feed  back)  laser  diodes  can  be  applied,  in  contrast  to 
conventional  laser  diodes  having  a  Fabry-Perot  resonator 
structure,  these  laser  diodes  ettqrloy  a  phase  grating  structure  in 
the  laser  resonator  which  guarantees  a  dynamic  single  mode 
operation  and  allows  to  adjust  the  emission  frequency  without 
mode  hopping  by  varying  the  current  or  temperature  of  the  laser 
diode. 

Furthermore  the  linewidths  of  these  laser  diodes  are 
reduced  to  a  few  MHz.  To  enlarge  the  tuning  range  of  the  DFB 
laser  diode  a  special  TTG  (tuneable  twin  guide)  laser  diode 
structure  has  bem  developed  (Amarui,  1991)  which  additionally 
allows  to  adjust  the  emission  wavelength  by  the  current  of  a 
tuning  diode. 

Corresponding  to  the  reduced  linewidths  it  is  possible  to 
reduce  the  bandwidth  of  the  shift  frequency  significantly  if  such 
lasers  ate  implemented  in  LDV  set-ups  using  one  tuneable  laser 
diode  for  each  LDV  beam. 

By  the  development  of  DFB  and  TTG  laser  diodes  with 
increased  output  powers,  these  laser  diodes  will  be  very 
interesting  for  the  new  LDV  concept  using  one  laser  diode  for 
each  LDV  beam,  especially  if  multicomponent  LDV-systems  are 
considered. 
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4  CONCLUSIONS 

The  heterodyning  and  quadrature  signal  processing 
technique  has  been  verified  in  several  novel  fiequency  shift  LDV 
systems  with  different  fiequency  shifts,  fiequency  shift 
fluctuations  and  fiequency  shift  bandwidths.  As  this  technique 
can  work  with  nearly  arbitrary  fiequency  shifts  and  fiequency 
shift  bandwidths,  fnovided  that  they  lie  in  the  bandwidth  of  the 
signal  processing  chain,  no  adaptation  of  the  fiequency  shift  to 
the  velocities  to  be  measured  is  required.  Another  advantage  is 
that  the  quadrature  signals  which  have  to  be  evaluated  are  offset 
free  signals  in  the  baseband  which  allow  to  apply  conventional 
signal  evaluation  techniques,  such  as  transient  recorders  or 
directional  counters.  Furthermore  the  heterodyning  and 
quadrature  signal  generation  can  be  realized  with  conventional 
electronic  components  being  used  in  the  high-fiequency 
engineering  so  that  the  described  technique  is  a  low  cost  concept 
for  LDV  systems  with  arbitrary  shift  fiequencies  without 
deteriorating  the  measuring  accuracy  over  an  increased  measuring 
range. 
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A  Comparison  between  two  different  Laser  Doppler 
Anemometer  Processors  in  the  low  Turbulence  Regime 

by 

Chr.  Caspersen 

Dantec  Measurement  Technology 


Abstract 


The  Burst  Spectrum  Analyzer  and  the  Flow  Velocity  Analyzer 
are  two  very  commonly  used  signal  processors  in  modem  laser 
Doppler  Anemometer  systems.  The  BSA  is  based  on  a  Fourier 
Transform  of  each  individual  burst  giving  the  frequency 
spectrum  followed  by  a  search  for  the  dominating  frequency. 
Tbe  FVA  is  based  on  correlating  the  signal  with  itself  after  a 
delay  and  in  this  way  find  the  frequency  of  the  signal.  There 
has  been  performed  many  both  analytical  and  simultaneous  in¬ 
vestigations  on  the  two  principles  in  the  literature,  but  there  are 
few  comparisons  between  their  performance  under  realistic 
measurement  conditions.  The  reason  for  this  can  be  the  many 
varieties  of  requirements  to  a  laser  Doppler  Anemometer 
processor.  In  this  paper  a  special  area  of  interest  has  been 
investigated,  namely  the  low  turbulent  regime.  There  are  few 
investigations  in  this  area,  although  it  is  important  in  the 
understanding  of  how  correct  the  LDA  is  working  in  terms  of 
estimating  the  turbulence  statistics  in  all  measurement 
condition.  A  correct  estimation  of  the  turbulence  intensity 
depends  on  a  correct  setting  of  the  processor.  In  most  cases 
there  will  be  an  overestimation  of  the  turbulence  intensity  as 
the  inherent  noise  is  added  to  the  real  fluctuating  value.  The 
estimation  of  the  added  noise  can  be  very  difficult,  so  a  num¬ 
ber  of  procedures  ate  generated  in  the  paper  in  order  to  find  the 
correct  estimate  for  the  turbulence  intensity. 

In  order  to  have  a  second  reference  for  the  measurement  of 
turbulence  intensity,  a  hot-wire  measurement  is  done  under  the 
same  conditions.  The  disturbance  from  the  hot-wire  is 
neglectible  in  this  set-up  due  to  the  dimensions.  The  hot-wire 
will  not  suffer  from  the  sources  for  variance  in  the  LDA- 
system  such  as  limited  transit  time,  imperfections  in  the  optical 
configuration  in  terms  of  unparallel  fringes  and  noise  in  the 
detection  system. 

The  paper  will  conclude  to  which  lower  limit  in  determination 
of  turbulence  intensity  an  LDA  can  be  used  combined  with  the 
two  processors  under  investigation. 


Introductkm 


Although  LDA  has  been  used  in  numerous  applicat4  .<ns  where 
velocity  Helds  are  recorded  and  where  turbulence  has  been 
measured,  it  is  difficult  to  find  referents  on  analysis  of 
limitations  for  LDA  measurements  in  low  tuibulence.  The  Hot- 
Wire  has  always  been  the  dominating  device  in  these 
applications.  For  the  same  reason  there  are  few  papers  on 
measurements  on  turbulence  spectra,  and  they  are  all  very 
limited  in  range.  This  paper  will  not  give  an  entire  analysis  of 
the  limitations  but  focus  on  the  comparison  between  the  Hot- 
Wire  as  the  reference  instrument,  and  the  LDA  system 
supplied  with  two  different  processors. 

One  method  to  get  a  correct  esbmation  of  the  turbulence  inten¬ 
sity  is  to  calculate  the  turbulence  spectrum  and  estimate  the 
-  noise  level  from  this.  In  most  cases  the  noise  level  is  easily 
seen  as  a  point  where  the  spectrum  takes  a  constant  value.  The 
total  area  under  the  spectrum  is  an  estimation  of  the  fluctuation 
aixi  the  noise,  while  the  area  below  the  noise-level  is  the  added 
noise.  By  a  simple  subtraction,  the  noise  can  be  reduced  signif¬ 
icantly.  The  correct  turbulence  intensity  can  now  be  found  by  a 
low-pass  filtering  of  the  signal  before  the  RMS-value  is 
calculated. 

In  this  paper  the  flow  from  a  low-turbulent  noole  is  measured 
both  with  a  BSA  and  an  FVA.  A  direct  estimation  of  the  turbu¬ 
lence  intensity  is  compared  with  the  values  achieved  from  the 
spectrum.  The  correction  for  the  additional  noise  is  performed, 
and  the  two  estimates  from  the  processors  are  compared. 


The  contributions  to  variance  in  the  LDA  data 

Most  of  the  elements  in  an  LDA  system  will  contribute  to  an 
increase  in  variance  in  the  data  coming  from  the  system.  These 
elements  are* 
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1.  Inaccurate  alignment  of  the  optics.  This  will  always 
increase  the  variance.  If  the  beams  are  not  intersecting  exactly 
in  the  beamwaist  position,  the  fringespacing  will  be  different 
from  one  end  of  the  measurement  volume  to  the  other.  This  is 
demonstrated  in  fig.  1. 


The  influence  is  a  function  of  the  degree  of  misalignment. 
However  it  is  not  a  linear  function.  It  has  a  maximum  with  a 
relatively  small  misalignment.  To  a  certain  degree,  this  effect 
is  reduced  by  the  fact,  that  the  intensity  also  has  a  distribution 
over  the  volume,  and  particles  passing  the  center  of  the  volume 
with  the  highest  intensity  will  scatter  more  light,  and  in  that 
way  have  a  higher  probability  to  be  included  in  the  statistics. 
As  this  variance  is  common  to  both  processors,  it  is  possible  to 
identify  the  magnitude. 

2  Noise  from  scattering  from  a  background,  optical 
particle  interference,  ref.  2  and  statistical  noise  from  the 
receiving  PM  tubes  and  amplifiers  will  be  treated  differently 
be  the  two  processors.  In  the  comparison,  it  was  intended  to 
adjust  the  SNR  in  order  to  see  the  noise  suppression  effect  in 
the  two  processors.  However  the  SNR  remained  extremely 
high  during  the  entire  experiment,  so  this  effect  is  not  descri¬ 
bed  further.  In  general  there  is  a  high  requirement  to  the  signal 
to  noise  ratio,  when  low  turbulence  intensities  are  measured. 
These  noise  sources  will  always  add  to  the  variance  of  the  data 


3.  Quantization  noise  from  the  data  output  from  the 
processor.  Although  this  can  give  a  significant  variation  on  the 


individual  sample,  the  influence  on  the  statistics  is  marginal,  as 
it  will  be  proved  in  the  comparison  test,  where  one  processor 
has  a  much  finer  discretization  than  the  other  one.  The 
quantization  noise  is  estimated  in  the  section  The  theoretical 
limitations  due  to  quantization*. 

4  One  element  that  erroneously  might  reduce  the  variance, 
and  in  that  way  give  an  underestimation  of  the  turbulence 
intensity  is  particle  lag,  in  the  case  that  large  particles  ate  used 
in  flows  with  large  gradients.  However  in  these  measurements, 
this  effect  is  insignificant. 

Although  all  processors  are  supplied  with  some  kind  of 
validation  scheme,  there  is  a  general  trend,  that  higher  gain 
wilt  produce  more  data,  also  validated  data,  but  the  variance  is 
increased.  It  is  therefore  relevant  to  investigate  the  variance  as 
a  function  of  data-rate.  However,  due  to  the  high  data-rate  and 
high  SNR.  this  is  not  done  in  this  work.  In  some  references  the 
variance  is  plotted  against  signal  to  noise  ratio.  Ref.  4.  In  fig.  2 
an  example  is  given  on  how  the  different  noise  sources  ate 
contributing  to  the  variance. 


Contributions  to  variance  as  a  function  of 
SNR 


SNRdB 

-O"  Processing  NcHse 

Misalignment  Variance 
-D-  Quantization  Noise 

fig.  2 
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The  gencralioii  of  a  Low  Turbulence  Jet 


A  low  turbulence  jet  is  used  for  all  the  measurements  in  this 
paper.  The  reason  for  the  selection  of  this  device  is  the 
possibility  to  achieve  the  lowest  possible  level  of  turbulence, 
and  at  the  same  time  have  possibilities  to  increase  the 
turbulence  level,  both  by  moving  the  measurement  point  in  the 
axial  direction  or  by  adding  additional  turbulence  by 
introducing  a  grid  on  the  outlet  of  the  nozzle.  In  order  to 
minimize  the  influence  from  blowers  and  acoustical  effects, 
the  nozzle  is  mounted  on  the  top  of  a  large  settling  chamber 
with  soft  walls.  This  results  in  a  turbulence  structure,  that  is 
uninfluenced  by  the  rotation  frequency  of  the  blower,  or  the 
individual  blade  frequencies  from  the  blower.  The  contraction 
ratio  in  the  nozzle  is  13.44;  1  and  the  diameter  of  the  nozzle  is 
30  mm.  This  diameter  is  sufficient  in  relation  to  the  geometry 
of  the  hot-wire  and  the  size  of  the  optical  measurement 
volume.  The  velocity  is  the  output  of  the  nozzle  is  close  to  S 
m/sec.  The  basic  turbulenceintensity  is  0,4  %.  The  entire 
configuration  and  the  nozzle  is  shown  in  fig.  3. 


The  Hot-Wire  system  used  is  the  Dantec  Streamline  System 
with  a  5ft  probe  P  01.  This  probe  is  the  most  commonly  used 
hot-wire  probe  for  general  purpose  turbulence  measurements. 
The  Streamline  System  described  in  ref.  5  includes  both  the 
bridge  and  a  signal  conditioner  for  suitable  amplification  and 
filtering  of  the  signal. 

Included  in  the  system  is  a  calibration  system,  to  assure 
accurate  and  stable  calibration  of  the  probe  before  and  after  the 
measurement 

The  Hot-Wire  system  is  operating  completely  with  analog 
circuitry.  The  signal  is  transmitted  to  an  A/D  converter  board 
in  a  PC. 

There  are  no  special  means  for  traversing  the  probe.  This  is 
done  manually  on  a  fixture.  The  Hot-Wire  system  is  shown  in 
fig.  4. 


fig.  4 

Measurement  of  the  mean  velocity  and  turbuleace  level 
using  Hot-Wire 


The  Hot-Wire  is  positioned  in  the  center  of  the  jet  in  the  outlet 
plane.  This  position  is  regarded  as  the  reference  position  for  all 
the  measurements.  In  this  position  the  intensity  of  the 
turbulence  has  the  lowest  value.  In  order  to  make 
measurements  with  a  higher  degree  of  tuibulence  intensity,  the 
Hot-Wire  is  traversed  to  a  number  of  stations  along  the 
centerline  of  the  jet  The  positions  have  a  distance  of  0,5  D. 
where  D  is  the  diameter  of  the  nozzle.  The  final  measurement 
position  is  in  a  distance  of  2  D  from  the  nozzle;  The  results  of 
the  mean  and  RMS  measurements  are  in  fig  5 

Mean  Velocities  and  Tu>Intensities  for 
CTA  Measurements 


-o-  Mean  Velocities 
Tu-Intensity  % 


fig  5 
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The  LDA  System 


An  LDA  System  is  established  to  measure  the  vertical 
component  of  the  flow.  It  consists  of  a  8S  mm  diameter 
41X820  Dantec  FiberFlow  Probe  mounted  with  a  55X29 
Beamtranslator  and  a  55X12  Beamexpander.  The  probe  is  able 
to  measure  two  components  of  the  flow,  but  only  one 
component  is  used.  The  probe  is  receiving  the  laser  light  from 
a  60X40  Transmitter  Box.  The  focal  length  is  selected  to  310 
mm  and  the  beamseparation  to  64  mm.  This  will  give  a 
calibration  factor  of  2.504  m/sec/MHz.  The  laser  is  an 
aircooled  Ar-Ion  laser  running  at  100  mW.  Due  to  the  low 
laser  power,  the  set-up  has  facilities  to  measure  in  both 
forward  and  back  scatter.  In  the  forward  scatter  set-up  a 
receiving  system  normally  used  in  Particle  Dynamic  Analyzer 
is  used  in  order  to  obtain  a  large  receiving  aperture.  As  the 
purpose  of  this  work  is  to  map  the  measured  turbulence 
intensity  against  turbulence  intensity  measured  by  a  Hot-Wire, 
and  to  compare  different  processors,  forward  scatter  has 
advantages  in  terms  of  better  signal  quality  and  therefore  less 
added  noise  to  the  signals. 


The  two  Processors 


The  two  processors  under  discussion  the  BSA  and  the  FVA  are 
very  different  in  operating  principle.  The  BSA  is  based  on  a 


Fourier  transform  of  each  individual  burst,  including  an  advan¬ 
ced  validation  system,  while  the  FVA  is  determining  the  cova¬ 
riance  on  the  same  signal  with  a  time  delay.  As  they  are  opera¬ 
ting  on  the  same  signal  a  number  of  the  sources  for  variance 
mentioned  in  section  1  will  be  identical  for  both  processors, 
while  differences  in  processing  results  will  be  clearly  envisio¬ 
ned  by  this  procedure 

The  BSA 

The  BSA  and  in  the  new  version  the  Enhanced  BSA  has  since 
it's  introduction  been  used  in  a  large  number  of  difFicult  appli¬ 
cations.  In  this  context  the  application  is  simple  as  the  SNR  is 
high.  On  the  other  hand  an  increase  in  variance  on  the  data  will 
lead  to  increased  values  in  the  turbulence  intensity  measured. 

The  operating  principle  in  the  BSA  is  described  in  fig.  6.  The 
signal  is  filtered  in  a  band-pass  filter  which  is  selected  by  the 
user.  After  the  filtering  the  signal  is  amplified  and  qilitted  into 
two  signals.  The  advantage  in  this  is  the  possibility  to  use  a 
complex  FFT  on  the  signal.  The  two  signals  are  multiplied  by 
an  oscillator  signal  with  a  90  degree  phaseshifL  The  signals  are 
now  seen  as  a  complex  signal  with  a  real  and  an  imaginary 
part.  In  order  to  eliminate  higher  harmonics  both  ports  are  low 
pass  filtered.  This  is  followed  by  an  A/D  conversion  in  four 
bits.  A  more  detailed  discussion  on  the  selection  of  four  bits 
are  given  in  the  paper  in  ref.  7.  'Quantization  of  LDA/PDA 
signals;  How  many  bits  are  needed  ?*  by  Knud  Andersen  and 
Anders  Host-Madsen.  presented  at  this  conference. 

The  digitized  information  is  stored  in  the  input  buffer  in  order 


to  baiance  out  the  uneven  arrival  of  signals.  After  the  input 
buffer  the  FFT  takes  place. 

After  the  FFT  process,  a  post  validation  system  based  upon  an 
evaluation  of  the  spectrum  is  used  to  remove  signals  without  a 
significant  spectrum. 

In  parallel  to  this  process  the  signal  is  validated  in  the  burst  de¬ 
tector  in  order  to  select  the  signals  from  the  background  noise. 
This  detection  system  is  the  dynamic  burst  detection  system 
described  in  ref.  9. 

The  entire  information  including  the  information  on  arrival  ti¬ 
me  and  transit  time  is  collected  in  the  output  buffer  before  it  is 
transmitted  to  the  connected  computer  in  most  cases  a  PC  run¬ 
ning  the  dedicated  software  package  BurstWare.  For  further  in¬ 
formation  on  the  processor  ref.  9  is  describing  the  functions  in 
details,  while  ref.  4  is  discussing  the  operating  principle. 

TheFVA 

The  FVA  is  based  upon  a  method  for  accurate  determination  of 
phasedifference  between  two  different  signals.  This  is  very  sui¬ 
table  for  the  application  the  FVA  originally  was  intended  for  , 
namely  the  l^ulicle  Dynamic  Analyzer,  where  phase  measure¬ 
ment  is  the  most  important  issue,  in  order  to  measure  particle 
size. 

The  principle  diagram  for  the  FVA  is  simple,  it  is  shown  in 

ng7 


Two  signal  with  the  saror,  frequency,  but  with  different  phases 
are  passed  to  a  bandpass  filter  to  eliminate  noise.  One  of  the 
signals  is  splitled  up  in  two  signals  with  a  phase  difference  of 

90°.  The  unshifted  and  90°  shifted  signals  aic  led  to  two  mix¬ 
ers,  where  the  other  signal  is  multiplied.  Ttiis  will  give  two  sig¬ 
nals  representing  the  .'.osine  and  the  sine  part  of  the  phase  in¬ 
formation 

If  the  two  signals  are  the  same  signal  with  a  known  delay  the 
phasedifference  is  identical  to  the  frequency  after  a  division 
with  the  imposed  time  delay. 

In  ref.  6  a  more  detailed  description  of  the  principle  is  given. 

The  theoretical  limitations  in  the  accuracy  of  the  results 
based  upon  the  resolution  of  the  processor 

This  aspect  is  discussed  in  details  in  the  paper  The  Limita¬ 
tions  in  High  Frequency  Turbulence  Spectrum  Estimation 
using  the  Laser  Doppler  Anemometer*  which  is  also  presented 
at  this  conference.  The  conclusion  from  that  paper  is  .  that  an 
output  with  more  than  4  bits  will  be  sufficient  for  the  kind  of 
measurements  under  discussion. 


Measurement  of  turbulence  level  and  measurement  of 
turbulence  spectra  using  the  FVA 


The  FVA  is  adjusted  to  optimize  the  situation  with  a  mean 
velocity  around  5  m/sec.  and  a  low  turbulence  intensity. 
However  due  to  the  limited  selection  of  settings,  the 
Bandwidth  must  be  set  at  4  MHz  in  order  to  fit  the 
meanvelocity.  One  interesting  aspect  by  using  the  FVA  is  the 
resolution  on  the  output  of  the  processor. 

For  measurements  where  turbulence  spectra  are  extracted,  one 
million  samples  are  used  inorder  to  have  a  reasonably  low  vari¬ 
ance  on  the  spectrum 

A  significantly  lower  number,  between  50.000  and  100.000  are 
used  if  only  mean  and  RMS-values  are  calculated.  With  the  da- 
ta-rate  on  13  -  14  kHz,  a  record  on  50.000  will  span  3  sec,  a 
time  significantly  longer  than  the  time  scales  in  the  flow.  With 
the  low  turbulence  level  the  different  weightning  methods  on 
the  mean  and  RMS  will  give  identical  results. 

P^  -  j;'  •  5j  -  A  ■  A[cos(i»r)  •  cos(a»  +  »> )] 
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/•  aa[‘=<^~«’>'*’‘=°^<2°”'*  v*)] 
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If  the  two  signals  are  described  as: 
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Measurement  of  turbulence  level  using  the  BSA 

The  optimal  setting  of  the  processors  in  relation  to 
measurement  of  turbulence  is  selected.  In  this  case  the  selec¬ 
tion  is  simple  and  uncritical,  as  the  SNR  is  very  high.  The  span 
can  be  selected  to  the  lowest  possible  value  without  infringing 
the  turbulence  measurement.  In  this  case,  with  an  almost  con¬ 
stant  mean  value  at  5  m/sec,  the  center  frequency  is  set  to  2 
MHz  and  the  span  to  2  MHz.  Although  in  principle  indepen¬ 
dent  of  bandwidth,  an  increase  in  bandwidth,  even  at  the  high 
SNR  will  result  in  an  increase  in  variance. 


The  Turbulence  Spectrum 


The  turbulence  spectrum  is  calculated  on  all  the  measurement 
stations.  A  characteristic  spectrum  for  the  probe  positioned  in 
the  outlet  of  the  nozzle  is  in  fig.  8.  The  spectrum  is  not  very 
significanL  It  is  dominated  by  the  frequency  generating  the 
turbulence.  This  frequency  is  close  to  100  Hz  There  are  some 
peaks  found  at  higher  frequencies  both  with  the  CTA  and  the 
FVA,  however,  it  has  not  been  possible  to  find  and  specific  ex¬ 
planation  on  these  peaks. 

As  another  example,  the  spectrum  is  calculated  at  the  2D  posi¬ 
tion.  In  this  case  the  spectrum  is  in  fig.  9.  This  spectrum  has 
the  characteristics  of  turbulence  spectrum,  and  it  is  indicating 
to  which  limit  it  is  possible  to  obtain  spectral  infoimation  using 


an  LDA  system.  The  entire  discussion  on  limitations  in  spec¬ 
tral  estimation  is  given  in  the  paper  The  Limitations  in  High 
Frequency  Turbulence  Spectrum  Estimation  using  the  Laser 
Doppler  Anemometer*  presented  at  this  conference,  and  given 
as  ref.  8. 


Results 


The  results  are  shown  in  fig.  10  and  11.  The  two  LDA  proces¬ 
sors  are  giving  the  same  mean- values  with  maximum  variation 
of  1%,  while  the  Turbulence  intensities  are  determined  within 
0.5%.  This  is  indicating  an  accuracy,  that  easily  can  be  obtai¬ 
ned  by  processors  operating  on  the  same  signal  from  the  opti¬ 
cal  set-up  although  the  measurements  are  not  recorded  simult¬ 
aneously.  Both  processors  are  giving  a  turbulence  intensity  at 
0.7%  at  the  outlet  of  the  nozzle.  The  CTA  is  measuring  a  lower 
value  0.4%.  As  the  seeding  is  removed  when  the  LDA  measu¬ 
rements  are  done,  it  is  not  absolutely  comparable.  However 
there  are  reasons  to  believe,  that  the  CTA  is  better  to  resolve 
the  extremely  low  turbulence  levels  in  the  outlet 
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Summery  and  Conclusioa 

Tut>  processors  with  different  operating  principles  have  been 
described  and  used  to  measure  in  the  low  turbulent  regime. 
The  processors  are  exhibiting  very  similar  results  and  results 
comparable  to  a  CTA  system.  The  following  conclusions  can 
be  drawn: 


1.  The  comparison  of  the  processors 

As  seen  from  the  results,  the  two  processors  are  giving  extre¬ 
mely  similar  results,  even  at  the  very  low  degrees  of  turbulen¬ 
ce.  Except  for  the  lowest  value,  the  FVA  is  indicating  a  slight¬ 
ly  higher  turbulence,  however  the  difference  to  the  BSA  is  ex¬ 
tremely  small.  The  conclusion  is  therefore,  that  in  this  experi¬ 
ment,  the  two  processors  will  give  the  same  result.  However  it 
must  be  kept  in  mind  that  the  SNR  is  extremely  good  in  this 
experiment.  If  that  is  changed  the  comparison  must  be  repeated 
in  order  to  verify  the  limitation  of  the  two  processors . 

2.  Comparison  to  CTA  measurements 

As  expected  the  CTA  is  able  to  detect  turbulence  at  a  lower  le¬ 
vel  than  the  LDA  system  is  able  to.  However  more  optimiza¬ 
tion  could  be  done  in  order  to  improve  the  LDA  measurements 
further.  The  comparison  is  also  clearly  indicating,  that  the 
CTA  has  a  sensitivity  for  fluctuations  in  other  components, 
than  the  one  the  LOA  is  measuring.  The  conclusion  is  therefo¬ 
re,  that  the  CTA  is  still  a  very  valuable  instrument  for  measure¬ 
ment  of  low  turbulence,  while  higher  degree  of  turbulence  will 
require  a  more  advanced  probe,  like  the  X-wire.  With  a  degree 
of  turbulence  above  1%  the  LDA  will  give  a  correct  prediction 
of  the  turbulence  if  a  proper  processor  is  used  and  a  sufficient 
number  of  samples  are  recorded. 
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1 1ntroduction 

A  three-step  procedure  is  described  for  selecting 
the  critical  parameters  of  a  phase  Doppler 
system  and  for  determining  the  transfer  function 
of  the  instrument.  This  procedure  covers  all 
possible  values  of  the  material  properties  for 
homogeneous  spherical  particles  and  has  the 
potential  to  be  transformed  into  an  expert 
system  for  setting  up  phase  Doppler  instruments 
and  preparing  look-up  tables  to  convert 
measured  phases  into  particle  diameters. 

The  first  step  of  the  design  is  based  on 
geometrical  optics.  The  PDA  designers'  chart 
introduced  earlier  [1]  is  divided  into  15  domains 
representing  certain  combinations  of  particle 
refractive  index  and  scattering  angle.  Within 
each  domain,  scattering  characteristics  are  fairly 
consistent  for  a  given  state  of  polarization  and  a 
given  level  of  light  attenuation  through  the 
particle.  Charts  are  provided,  so  that  the  PDA 
user  can  select  a  state  of  polarization  and  a 
range  of  scattering  angles  for  his/her  application. 
At  this  stage,  an  estimate  of  required  beam 
angle  and  elevation  angle  is  available  for  a 
standard  layout.  Also,  the  beam  angle  for  a 
planar  layout  can  be  estimated  at  this  level. 

In  the  second  step,  due  attention  is  given  to  the 
particle  trajectory  effects.  As  shown  by  Naqwi 
[2],  the  trajectory  effect  becomes  more  and  more 
severe  with  the  increasing  dynamic  range  and 
concentration  of  the  particles  and  leads  to 
narrower  choices  of  scattering  angles.  For 
transparent  particles  in  a  rarer  medium,  charts 
are  provided  to  select  the  scattering  angles  that 
would  minimize  the  trajectory  effect. 

In  the  third  step  of  design,  a  choice  between 
planar  and  siindard  (or  orthogonal)  optical 
layout  [2,3]  is  made.  The  newly  introduced 
Adaptive  Phase/Doppler  Velocimeter  (APV)  can 
be  configured  as  a  standard  or  a  planar  system. 

Subsequently,  size  anti  shape  of  the  receiving 
apertures  are  determin-  sd.  After  selection  of  the 
optical  parameters,  Mie  stettering  theory  is  used 
to  compute  the  phase- diarreter  relationship, 
provided  that  the  level  of  confidence  regarding 
the  proposed  geometrical  scattering  mechanism 


is  low.  Usually,  this  relationship  is  not  strictly 
monotonic  and  may  exhibit  oscillations  with  high 
(submicron)  or  low  periodicity.  A  smoothing 
procedure  is  outlined  that  transforms  the  Mie 
response  curve  to  the  nearest  nonlinear 
monotonic  function.  This  procedure  results  in 
smaller  errors  and  uncertainties  than  the 
commonly  used  linear  regression  technique.  A 
look-up  table  is  subsequently  generated  that 
allows  conversion  of  phase  into  particle 
diameter.  The  authors  prefer  to  use  look-up 
tables  as  opposed  to  conversion  factors,  even  if 
the  phase-diameter  relationship  is  strictly  linear. 
The  look-up  tables  enable  faster  processing  of 
the  data. 

2  Identifieation  of  Operating  Regime 

Phase  Doppler  systems  were  originally  analyzed 
using  the  geometrical  theory  of  light  scattering, 
which  indicates  that  the  relationship  between  the 
phase  shift  and  the  particle  diameter  is  linear, 
provided  that  a  single  geometrical  scattering 
mode  is  dominant.  One  of  the  first  three  modes 
of  geometrical  scattering  is  usually  employed  for 
particle  sizing.  These  modes  may  be  described 
as  (i)  reflection  of  light  from  particle  surface, 

(ii)  refraction  of  light  through  the  partide,  and 

(iii)  emergence  of  light  rays  from  the  particle 
after  one  internal  reflection. 

The  conditions  under  which  one  of  these 
scattering  modes  are  applicable,  have  been 
discussed  in  literature,  but  only  with  reference  to 
special  cases.  A  considerable  number  of  cases 
are  discussed  by  Naqvri  &  Durst  [1  &  4],  who 
also  introduced  PDA  oesigners’  chart,  shown  in 
Fig  1.  In  this  chart,  areas  covered  by  horizontal 
and  vertical  lines  represent  the  presence  of 
refracted  and  internally  reflected  light 
respectively.  The  spadng  between  the  vertreal 
tines  is  reduced  to  half  and  one-third  in  some 
regions  in  order  to  indicate  the  presence  of 
double  and  triple  contributions  of  the  internally 
reflected  lays.  Furthermore,  several  critical 
scattering  angles,  such  as  those  representing 
the  Brewster  conditions  for  surface  reflections 
and  internal  reflections  as  vmll  as  rainbow 
angles  are  included. 


24.1.1. 


The  governing  equations  for  some  higher  order 
angles  are  not  given  in  Ref  1.  These 
mathematical  relationships  are  provided  below; 

Brewster  condition  for  the  first  internal  reflection: 

cosfl=  (m*  -  l)(m^  -  14m^  +  + 1)  .  (1) 

where  6  and  m  represent  the  scattering  angle 
and  the  refractive  index  of  the  particle  relative  to 
the  surrounding  medium. 

Second  rainbow: 

cos0=(m*  +4m‘  +270m‘  -972m^  +729)/32m‘  (2) 
Brewster  condition  for  second  internal  reflection: 

cose=  (-m*  +28m*  -  70m'  +  28m’  -  l)/(m’  +l)‘  (3) 

The  introduction  of  the  designers'  chart  has 
enabled  us  to  devise  generalized  criteria  for 
determining  the  applicability  of  individual 
geometrical  scattering  modes,  instead  of 
restricting  the  discussion  to  a  few  special  cases. 
In  this  context,  four  independent  variables  are 
considered  in  the  present  work,  i.e.  refractive 
index  of  the  particle  relative  to  the  surrounding 
medium,  attenuation  coefficient  of  the  particle 
material,  scattering  angle  of  the  receiving  optics 
and  polarization  of  the  incident  light. 

The  designers'  chart  is  divided  into  15  domains 
based  on  the  values  of  scattering  angle  and  the 
refractive  index,  as  shown  in  Fig.  2.  The 
rationale  for  the  domains  in  Fig.  2  is  provided  by 
the  critical  angles  depicted  in  Fig.  1,  which 
strictly  represents  non-absorbing  particles. 
Subsequently  a  measure  of  light  attenuation  is 
incorporated  in  the  above  scheme  of 
classification.  An  attenuation  parameter  is 
introduced  as  below: 

"  =  =  4  rmKd^^fX^  .  (4) 

where  is  the  largest  particle  diameter  and 
X  is  1/e-attenuation  coefficient,  which  is  related 
to  the  imaginary  part  hk  of  the  refractive  index 

and  the  wavelength  of  light  in  vacuum  A,  as 
shown  above. 

Parameter  a  represents  the  fraction  of  the 
incident  light  absorbed  in  the  largest  particle 
during  its  transmission  through  the  particle.  A 
very  large  range  of  this  parameter  may  be 
encountered  in  practice.  Based  on  the  numerical 
value  of  this  parameter,  the  light  absorbing 
character  of  particles  may  be  classified  as 
follows: 

1 .  Very  weak  attenuation:  a  s  O.OOS 
2  Weak  attenuation:  O.OOS  < a  ^0  OS 

3.  Moderate  attenuation:  0  OS  <  a  ^  SOO 


4  Strong  attenuation:  SOO  <  a  s  4000 

5  Very  strong  attenuation:  a  >  4000 

In  the  case  of  weak  attenuation,  scattering 
mechanism  is  not  significantly  affected  by  light 
absorption.  However,  some  caution  is  required 
unless  attenuation  is  qualified  as  'very  weak' 
Similarly,  strong  attenuation  means  that  only 
reflected  light  will  be  dominant  at  ail  the 
scattering  angles.  However,  the  designer  should 
proceed  cautiously,  unless  attenuation  is 
designated  as  ‘very  strong',  which  typically 
pertains  to  metallic  particles.  In  the  case  of 
moderately  absorbing  particles,  none  of  the 
geometrical  scattering  mechanism  is  generally 
applicable. 

Based  on  above  considerations,  scattering  mode 
charts  of  Fig.  3  are  generated.  For  the  15 
domains  and  5  levels  of  attenuation,  dominant 
scattering  modes  are  indicated  Separate  charts 
are  given  for  parallel  and  perpendicular 
polarization.  The  differences  between  the  two 
charts  arise  from  the  fact  that  various  Brewster 
conditions  are  met  only  in  the  case  of  parallel 
polarization.  The  dominant  scattering  modes  are 
represented  by  circles,  triangles  and  squares 
that  depict  reflection,  refraction  and  internal- 
reflection  respectively.  The  closed  and  open 
symbols  signify  whether  the  level  of  confidence 
in  the  corresponding  geometrical  mechanism  is 
high  or  low  respectively.  The  symbol  »  is  used  to 
indicate  that  none  of  the  three  geometrical 
scattering  modes  is  expected  to  dominate. 

If  the  level  of  confidence  is  high,  a  linear 
relationship  between  phase  and  diameter  is 
expected  and  geometrical  scattering  theory  can 
be  used  to  determine  phase-diameter  conversion 
factor  with  an  accuracy  of  5%.  If  the  confidence 
level  is  low,  Mie  scattering  theory  should  be  used 
to  obtain  the  phase-diameter  relationship. 
Nevertheless,  a  low  level  of  confidence  should 
not  be  interpreted  as  likelihood  of  poorer 
measurements.  It  simply  means  that  a  single 
geometrical  mode  of  scattenng  is  not  fully 
dominant.  However,  accurate  phase  Doppler 
measurements  may  be  possible. 

Deviations  from  linearity  in  phase-diameter 
relationship  may  exhibit  as  (i)  fluctuations  (non¬ 
monotonic  behavior)  and/or  (ii)  monotonic  non¬ 
linear  behavior.  If  the  latter  trend  is  dominant, 
then  a  spectral  domain  smoothing  of  the  Mie 
response  curve,  as  illustrated  in  Sec.  5,  is 
appropriate  for  obtaining  a  phase-to-diameter 
conversion  table.  Otherwise,  the  joint  probabXty 
method,  as  explained  in  Ref.  2,  should  be 
employed 
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Scallering  Angle,  de 


Hrewsler  condilion  for  I  si  mlertial  rerieclion 
- 2nd  Rainbow 

.  Brewster  condition  for  2nd  internal  reflection 


Figure  1;  Critical  scattering  angles  as  a  function  of  refractive  index 


Figure  2:  Scattering  domains  based  on  refractive  index  and  scattering  angle 
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Figure  3:  Scattering  morie  charts 


3.  A  Consideration  of  Trajectory  Effects 

The  measuring  volume  diameter  is  set  by  default 
to  be  comparable  to  the  largest  particle  diameter 
in  order  to  suppress  the  adverse  effects  of  the 
Gaussian  intensity  profile.  In  the  case  of 
transparent  particles  with  refractive  indices 
larger  than  1,  the  charts  of  Fig.  4  &  5  are 
consulted  for  further  optimizing  the  scattering 
geometry  in  respect  of  the  Gaussian  profile 
effect.  Figure  4  receives  two  inputs:  (i)  the 
measuring  volume  to  particle  diameter  ratio,  and 
(ii)  the  particle  dynamic  range. 

A  large  dynamic  range  requires  a  low  enough 
trigger  level,  so  as  to  register  the  weak  signals 
from  small  particles.  This  also  means  that  a 
large  particle  will  generate  signals  from  a  large 
volume,  including  the  undesirable  regions  of  the 
illuminating  field.  Figure  4  provides  a  measure  of 
the  non-uniformity  of  particle  illumination.  The 


light  rays  reaching  a  detector  after  reflection  and 
refraction  enter  the  particle  at  different  locations. 
The  separation  between  these  two  incidence 
locations  is  conservatively  estimated  as  particle 
diameter  itself.  The  output  of  Fig.  4,  i.e.  the 
ordinate  (maximum  incidence  ratio:  refraction  to 
reflection),  indicates  how  much  the  intensity  of 
incident  light  at  the  incidence  point  of  refraction 
—  which  is  presumably  the  dominant  scattering 
mechanism  —  could  be  smaller  than  that  at  the 
incidence  point  of  reflection,  under  the  worst 
conditions. 

Figure  5  shows  the  ratio  of  reflected  to  refracted 
light  in  the  scattered  field  (scattering  ratio, 
reflection  to  refraction)  for  uniform  illumination. 
The  abscissa  and  ordinate  of  Fig.  5  represent 
100  X  refractive  index  and  the  scattering  angle 
respectively.  The  latter  should  be  chosen 
appropriately,  so  that  the  output  of  the  second 
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chart  is  smaller  than  that  of  the  first  chart.  This 
condition  ensures  that  the  refracted  light  signal 
dominates  the  reflected  light  signal.  This 
condition  suffices  to  ensure  that  correct  size 
measurements  are  obtained,  at  least  in  the 
neighborhood  of  critical  particle  diameters 
introduced  m  Ref.  2. 

Figures  4  &  5  are  based  on  geometrical  optics 
but  are  validated  using  generalized  Lorenz-Mie 
theory  [5]  that  fully  takes  into  account  the 
Gaussian  structure  of  the  laser  beam. 


Figure  4:  Non-uniformity  of  particle  illumination 

104  134  164  194  224  294  284 


Figure  5:  reflection/refraction  ratio  in  the 
scattered  field 

4.  Type  of  Layout  and  Receiver  Geometry 

For  a  given  particle  size  range  Ad,  ,  some  key 
design  parameters  of  the  system  can  be 
selected  using  the  scattering  angle  0  and  the 
corresponding  geometrical  scattering  mode 
determined  through  the  procedures  of  Sec.  2  & 
3.  These  parameters  ascertain  the  elevation 
angle  and  the  beam  angle  in  the  case  of  a 


standard  phase  Doppler  system.  As  shown  in 
Rets  1  &  4,  the  phase  factor  is  approximately 

proportional  to  smasinyr,  which  in  turn  depends 

primarily  upon  the  beam  spacing  ,  spacing 

between  centroids  of  the  receivers  ,  the 

receiver  spacer  angle  and  the  focal  lengths  of 
the  transmitting  and  the  receiving  units  given  by 
/  and  f,  respectively.  These  parameters  are 
illustrated  in  Fig.  6  for  a  typical  APV  layout  and 
are  related  as  below; 


(5) 


The  function  F,  takes  the  following  form  for  a 
reflecting  particle, 


F,  =4sin(^2).  (6) 

For  a  refracting  particle. 


4cos(6f2)Jl+«’  -2mcos(^2) 

F  = - 1 -  (7) 

m 

The  above  equations  follow  from  Eqs.  (60)  & 
(63)  of  Ref  1.  For  particles  vrith  internal 
reflection  as  the  dominant  scattering 
mechanism,  an  explicit  analytical  expression  for 

F,  does  not  exist  and  the  function  is  computed 
using  an  iterative  method. 


Adherence  to  Eq.  (5)  ensures  that  the  optical 
parameters  are  selected  to  cover  a  size  range 

may  have  a 

non-zero  value.  It  may  be  reminded  here  that 
conventional  approaches  to  phase  Doppler 
design  are  based  on  the  presumption  that  the 
smallest  particle  diameter  is  always  nearly  zero, 
which  results  in  an  unnecessary  loss  of 
sensitivity  in  the  case  of  narrow  size  distributions 

with  « 1.  APV  hardware  obviates  this 

restriction  and  provides  maximum  sensitivity  in 
the  case  of  narrow  size  distributions  by  using 
separate  receivers,  whose  angular  spacing  p  can 
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be  increased  to  match  a  narrow  size  range.  This 
is  not  possible  with  conventional  PDA  receivers, 
where  detector  spacing  is  severely  limited  by  the 
numerical  aperture  of  the  receiver  lens. 

It  is  also  obvious  from  Eq  (5)  that  for  very  small 
particles  or  very  small  size  ranges,  the  right- 
hand  side  of  this  equation  would  become  so 
large  that  it  would  not  be  possible  to  obtain 
adequate  sensitivity  even  if  the  largest  practical 
value  of  p  is  employed.  For  such  applications, 
planar  layouts  are  useful. 


In  a  planar  arrangement,  scattering  angle  is 
represented  effectively  by  the  elevation  angle  yr , 
whereas  off-axis  angle  is  zero.  Invoking  these 
conditions  in  Eqs.  (60)  &  (63)  of  Ref.  1.  the 
appropriate  hardware  settings  of  a  planar  layout 
are  determined  through 

(8) 

/i  Ad, 

where 


cos(^2) 

for  reflecting  particles  and 


(9) 


+111^  -  2incos(6)'2) 
msin(<|'2) 


(10) 


for  refracting  particles.  Usually  planar  layout 
provides  adequate  sensitivity  to  measure  particle 
diameters  as  small  as  a  fraction  of  the  light 
wavelength. 


5  Final  Remarks 


Once  a  complete  specification  of  the  optical 
hardware  is  achieved,  Mie  scattering 
calculations  may  be  conducted.  If  the  level  of 
confidence  in  the  scattering  mechanism  is  high, 
then  these  calculations  are  not  necessary  for 
obtaining  phase-diameter  relationship  but  if  they 
are  conducted  for  other  reasons,  large  intervals 
of  particle  diameter,  e.g.  5  pm,  may  be 
employed.  Otherwise,  small  increments,  such  as 
0.1  or  0.2  pm.  should  be  used. 

If  necessary,  the  phase-diameter  relationship 
based  on  the  Mie  theory,  may  be  made 
monotonic  using  smoothing  in  the  spectral 
domain.  Subsequently,  a  lookup  table  would  be 
generated  for  converting  measured  phases  into 
particle  diameters. 

Figure  7  illustrates  the  smoothing  process.  The 
results  based  on  Mie  calculations  are  shown  by 
a  solid  line,  whereas  dotted  line  represents  the 
relationship  after  smoothing,  which  is  the  basis 
for  the  look-up  table.  It  is  clear  from  this  figure 
that  smoothing  procedure  would  provide  better 


accuracy  than  linear  regression,  which  is  usually 

employed  for  obtaining  PDA  transfer  function 
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1 1ntroduction 

The  present  study  is  concerned  with  two  physical 
effects  that  need  to  be  taken  into  account  in  the 
selection  of  a  phase  Doppler  layout  in  order  to 
obtain  accurate  results.  The  first  phenomenon 
considered  here  is  the  multiple  scattering  effect, 
i.e.  modification  of  the  light  scattering  pattern  of 
the  particle  under  investigation,  due  to  presence 
of  other  particles  in  the  laser  beam.  Since  phase 
Doppler  is  a  single-particle  technique,  it  is 
understood  that  the  quality  of  the  measurement 
would  deteriorate  if  more  than  one  particle  is 
present  in  the  measuring  volume.  However,  it  is 
demonstrated  herein  that  due  to  multiple 
scattering  effect,  the  signal  quality  may  also 
degrade  even  if  there  is  only  one  particle  in  the 
measuring  volume.  This  effect  is  commonly 
encountered,  when  a  large  particle  crosses  one 
of  the  laser  beams  outMkkt  the  measuring 
volume  and  at  a  location  closer  to  the  laser 
source  than  the  measuring  volume.  The  light 
scattered  by  this  particle  has  a  secondary 
scattering  from  the  primary  particle  within  the 
measuring  volume.  The  size  and  velocity 
information  about  the  measured  particle  may  be 
affected  adversely  by  this  phenomenon.  Ruck  {1] 
has  examined  this  effect  in  connection  with  LDV 
applications. 

In  the  present  study,  the  multiple  scattering 
effect  was  produced  by  using  ^  independent 
units  of  vibrating  orifice  droplet  generator  (TSI 
Model  3450).  The  first  droplet  generator  was 
used  to  maintain  a  steady  chain  of  drops 
through  the  measuring  volume  of  a  phase 
Doppler  system.  The  second  droplet  generator 
was  employed  to  create  a  shower  of  freely  falling 
secondary  drops  that  intersected  the  laser 
beams  ahead  of  the  measuring  volume.  Phase 
Doppler  signals  with  and  without  the  secondary 
droplets  are  presented  and  analyzed  for 
estimating  the  associated  errors.  The  measured 
effects  are  explained  using  geometrical  optics. 
Limits  on  measurable  particle  concentration, 
imposed  by  multiple  scattering,  are  estimated. 

The  second  phenomenon  considered  in  this 
article  is  the  particle  trajectory  effect  in  PDA.  It  is 


well-known  that  the  phase  signal  of  a 
transparent  particle  may  have  a  strong 
dependence  on  the  trajectory  of  the  particle 
through  the  measuring  volume.  Obviously,  this 
effect  is  not  desirable  and  several  authors  have 
proposed  different  schemes  for  its  elimination. 
ReMntly.  Naqwi  [2]  has  identified  a  criical 
partida  diamatar  for  which  the  trajectory  effect 
manifests  itself  only  as  uncertainties  in  the 
signal  visibility,  without  affecting  the  phase  of  the 
signal.  The  knowledge  of  the  critical  diameter 
helps  in  optimizing  the  optical  layouts,  so  as  to 
minimize  the  trajectory  effect  in  a  particuiar 
application. 

In  the  present  work,  the  existence  of  the  critical 
diameter  is  verified  experimentally. 

2  Experimental  Setup 

The  transmitting  optics  consisted  of  a  He4sle 
laser  with  633  nm  wavelength  and  15  mW  laser 
power.  The  collimated  laser  beam  had  a  1/e^- 
diameter  of  0.6  mm  and  was  split  into  two 
parallel  beams  with  a  spacing  of  20  mm.  An 
achromatic  doublet  with  focal  length  of  250  mm 
and  diameter  of  80  mm  was  used  to  focus  the 
laser  beams  into  a  measuring  volume  with 
diameter  220  pm.  This  measuring  volume 
diameter  was  large  enough  to  suppress  the 
effect  of  particle  trajectory,  so  that  pure  multiple 
scattering  effect  could  be  examined. 

For  studies  of  the  trajectory  effect,  the  laser 
beam  was  expanded  to  2.2  mm  and  hence, 
focused  to  a  diameter  of  90  pm  in  the 
measurement  volume. 

The  receiving  optics  were  located  at  an  off-axis 
angle  of  30*  and  consisted  of  two  avalanche 
photodiodes  (APD),  positioned  at  elevation 
angles  of  ±3.69*.  Both  the  APDs  received  light 
scattered  by  the  particle  within  a  half-cone  angle 
of  2.77*. 

The  output  signals  from  the  APDs  were 
bandpass  filtered  (0.5-2  MHz)  and  transferred  to 
a  transient  recorder  for  digitization  and  further  on 
to  a  plug-in  PC  board  for  processing. 
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Two  vibrating  orifice  generators  were  employed 
to  produce  droplets  of  diethyl-phathalate  (DP) 
This  spray  liquid  was  chosen  because  of  its  high 
viscosity  and  lower  surface  tension,  which 
results  in  a  stable  operation  of  the  droplet 
generator.  The  droplet  streams  of  DP  were  found 
to  be  more  stable  than  water  or  alcohol. 

The  refractive  index  of  DP  at  20  *C  is  1.502, 
which  results  in  a  sensitivity  of  3.82Vpm  for  the 
PDA  system. 

The  head  of  the  primary  droplet  generator  was 
attached  to  a  two-axis  translator,  so  that  the 
droplet  stream  could  be  positioned  arbitrarily  in 
the  plane  of  the  fringes,  i.e.  yz-plane,  as 
illustrated  in  Fig  1  For  examining  the  multiple 
scattering  effect,  the  droplet  stream  was  located 
at  the  center  of  the  measuring  volume,  whereas 
several  drop  locations,  esp.  along  /-axis,  were 
covered  for  studies  of  the  trajectory  effect. 


u 


Fig.  1:  Primary  drops  in  the  measuring  volume. 

The  second  droplet  generator  was  used  to 
produce  freely  falling  drops  as  shown  in  Fig.  2. 
Most  of  these  drops  were  collected  by  a  liquid 
trap  and  only  drops  following  a  certain  trajectory 
were  allowed  to  cross  the  laser  beams  ahead  of 
the  measuring  volume.  The  spacing  t  between 
the  primary  and  the  secondary  drop  could  be 
adjusted  between  3  mm  and  15  mm.  A  detector 
was  arranged  to  collect  the  light  scattered  by  the 
secondary  drops  as  they  crossed  the  upper  laser 
beam.  This  light  signal  was  used  to  trigger  the 
measurements  of  the  primary  drops  crossing  the 
measuring  volume.  Typically,  200  signals  were 
collected  after  each  triggering  event. 

Since  the  secondary  drops  moved  significantly 
slower  than  the  primary  ones,  the  former  could 
be  considered  stationary  for  a  given  phase 
Doppler  signal. 


Elawtion  VWw 

Fig.2:  Experimental  setup  for  examining  multiple 
scattering  in  PDA 

3  MuKiple  Scattering  Effect 

Investigation  of  the  multiple  scattering  effect  was 
based  on  a  primary  drop  diameter  of  50  pm  and 
secondary  drops  of  diameters  60,  80  and  100 
pm.  A  range  of  inter-drop  spacing  t  was 
employed  and  associated  errors  in  signal 
frequency  and  phase  were  measured.  Also  the 
signal-to-noise  ratio  was  recorded.  The 
measured  data  are  presented  below  and  their 
impact  on  the  accuracy  of  phase  Doppler 
measurements  is  discuss^. 

3.1  Experimental  Reaulta 

A  series  of  Doppler  bursts  generated  by  primary 
drops  are  shown  in  Fig.  3.  These  bursts 
correspond  to  a  secondary  drop  of  diameter  80 
pm  and  an  inter-drop  spacing  of  6  mm.  The 
amplitude  of  filtered  signals  dropped  twice  due 
to  crossing  of  the  individual  beams  by  the 
secondary  drop.  The  first,  twelfth  and  eighteenth 
bursts  are  enlarged.  The  twelfth  burst  shows  a 
significant  increase  in  the  frequency  and  the 
eighteenth  burst  exhibits  an  envelop  which 
deviates  substantially  from  a  Gaussian  shape 
that  characterizes  undisturbed  signals. 

Signal  frequency  and  phase  are  plotted  in  Fig.  4 
for  individual  bursts.  They  show  a  decrease  as 
the  secondary  drop  enters  the  first  beam,  an 
increase  as  it  leaves  the  beam  and  a  recovery  of 
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the  original  phase  and  frequency  when  the  drop 
is  between  the  two  beams.  The  above  events  are 
repeated,  when  the  drop  crosses  the  second 
beam 


Fig.  3;  Effect  of  a  secondary  drop  on  PDA 
signals 

The  largest  errors  in  phase  for  different 
diameters  of  the  secondary  particle  are  shown  in 
Fig.  5.  These  data  are  based  on  averages  of  21 
events  of  the  kind  considered  in  Figs.  3  &  4,  for 
each  drop  size.  The  largest  inter-drop  spacing 

.  for  which  multiple  scattering  effect  is 
significant,  may  be  estimated  from  this  figure. 
This  parameter  increases  with  the  drop  size, 

however,  the  largest  phase  error  within  is 
larger  for  smaller  drops. 

Present  work  has  also  shown  that  in  the 
presence  of  multiple  scattering  effect  it  is 
necessary  to  select  a  targe  sample  for 
processing.  As  illustrated  in  Fig.  6.  64-point  FFT 
and  2S6-point  FFT  give  comparable  accuracy  of 
phase  measurements  as  long  as  secondary 
particle  is  not  present.  However,  in  the  presence 
of  the  secondary  particle,  significantly  better 
phase  measurements  are  obtained  with  longer 
samples.  In  the  present  measurements,  64  and 
2S6  point  sample  lengths  correspond  to  5  and 
20  cycles  of  Doppler  burst  respectively. 


Fig.  4:  Influence  of  secondary  drop  on  signal 
frequency  and  phase. 


Fig.  6  pertains  to  a  100  pm  secondary  particle  at 
3  mm  from  the  measuring  volume. 

The  results  concerning  the  multiple  scattering 
effect,  presented  herein,  are  based  on  256 
samples,  unless  otherwise  stated. 


Fig.  5;  Phase  error  versus  inter-drop  spacing 
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Fig.  6:  Phase  fluctuations  with  64  &  256  samples 


3^  Interpretations  baaed  on  Geometrical 
Optica 

The  variations  of  phase  and  frequency  shown  in 
Fig.  4  may  be  explained  by  considering  the 
deflection  of  individual  laser  beams  by  the 
transparent  drop  as  illustrated  in  Fig.  7.  As  the 
droplet  enters  the  upper  beam,  it  causes  an 
effective  upward  deflection  of  this  beam  due  to 
refraction,  resulting  in  a  decreased  beam  angle 
and  an  increased  fringe  spacing  This  obviously 
leads  to  a  decrease  in  the  signal  frequency  as 
well  as  the  phase.  As  shown  in  Fig.  7,  the  above 
effect  is  reversed  when  the  secondary  drop 
begins  to  leave  the  upper  beam. 


UndfCtufbGd 
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Fig.  7;  Interpretation  of  multiple  scattering  effect. 

It  may  appear  surprising  that  the  light  diffracted 
by  the  secondary  drop  —  which  is  normally 
stronger  than  the  refracted  light  —  does  not  play 
an  important  role.  However,  this  behavior  is 
explicable  as  the  phase  of  scattered  light  is 
generally  very  uniform  over  most  of  the 
diffracted  lobe  and  undergoes  a  rather  abrupt 
change  of  180*  near  its  edges. 

Since  the  intensity  of  refracted  light  in  the 

measuring  volume  is  directly  proportional  to 
and  —  in  the  far-field  —  inversely  proportional  to 

,  the  limiting  distance  should  vary  linearly 
with  df .  According  to  the  data  in  Fig  5, 

increase  in  with  d^  is  slower  than  linear, 
manifesting  the  near-field  effect.  Nevertheless,  a 
reasonable  estimate  of  the  limiting  inter-particle 
spacing  is  provided  by  the  correlation, 

=  (1) 

The  effect  of  measuring  volume  diameter  d„  on 
the  above  correlation  was  not  examined  in  this 
study.  However,  the  order  of  magnitude  of  the 
proportionality  constant  in  Eq.  (1)  is  not 
expected  to  change  in  typical  phase  Doppler 
syrtems.  Hence,  for  complete  elimination  of  the 
multiple  scattering  effect,  there  should  be  a 
single  particle  in  a  volume  represented  by  two 
interpenetrating  cylinders  —  aligned  with  the  two 

laser  beams  —  with  diameter  d„  and  length 

fm  -  Typically,  this  volume  will  be  two  orders  of 
magnitude  larger  than  the  volume  defined  by  the 
laser  waist  and  image  of  the  slit  used  in  the 
receiving  optics.  Hence,  particle  concentration 
should  be  two  orders  of  magnitude  smaller  than 
the  recommended  values  in  order  to  compfefefy 
eliminate  the  multiple  scattering  effect.  However, 
as  shown  in  Fig.  5,  the  relative  errors  caused  by 
the  multiple  scattering  effect  are  small  and 
higher  concentrations  can  be  used  at  the 
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expense  of  some  broadening  of  the  measured 
size  distribution. 

4  Particle  Trajectory  Effect 

Trajectory  ambiguity  is  encountered  in  the  case 
of  transparent  particles  if  the  location  of 
receiving  optics  is  substantially  different  from  the 
position  where  the  Brewster  condition  is 
satisfied,  so  that  both  refracted  and  reflected 
light  is  present  in  the  scattered  signal.  Normally, 
refracted  light  dominates,  but  the  contribution  of 
reflection  becomes  significant  if  the  particle  size 
is  comparable  to  the  measuring  volume 
diameter  and  the  particle  is  located  in  the  half  of 
the  measuring  volume  opposite  to  the  detectors. 

As  discussed  in  Ref.  2,  a  phase  Doppler  signal 
in  such  an  application,  may  be  considered  as  a 
superposition  of  a  reflected  and  a  refracted 
signal.  There  exist  critical  partide  damatan,  at 
which  the  reflected  and  refracted  signals  are 
either  in-phase  or  completely  out-of-phase  For  a 
symmetric  dual-  detector  PDA  receiver,  the 
critical  diameter  is  given  as 


360w 


(2) 


where  and  are  the  phase-diameter 
conversion  factors  in  deg. /pm  for  pure  refraction 
and  pure  reflection  respectively.  The  refracted 
and  reflected  signals  are  out-of-phase  for 
n=1,3,S, ...  and  in-phase  for  n=2,4,6, ... 


If  reflection  and  refraction  are  out-of-phase,  then 
the  phase  of  the  combined  signal  agrees  with 
pure  refraction,  as  long  as  refracted  signal  is 
slightly  stronger  than  the  reflected  signal.  Only 
signal  visibility  is  deteriorated  due  to  strong 
reflections.  The  knowledge  of  these  critical 
diameters  is  very  useful  in  optimizing  system 
layouts  for  specific  applications,  in  order  to 
minimize  trajectory  effects. 


y-Position  [/xm] 


Fig.  8;  Experimental  (E)  and  simulated  (S)  data 
of  phase  as  a  function  of  drop  location 

5  Coneluaions 


In  the  present  arrangement,  two  critical  drop 
diameters,  i.e.  38.2  pm  and  76.4  pm,  exist  within 
the  measurable  size  range  [0,94  pm].  The 
refracted  and  reflected  signals  are  out-of-phase 
at  38.2  pm  and  in-phase  at  76.4  pm.  A  range  of 
droplet  diameters,  in  the  vicinity  of  the  second 
critical  diameter  was  used  for  experimental 
verification  reported  herein. 

The  results  of  measurements  are  given  in  Fig.  8 
and  compared  with  simulations  based  on 
generalized  Lorenz-Mie  theory  (GLMT).  In  this 
figure,  the  droplet  diameters  are  reduced  by  5 
pm  in  comparison  to  their  values  based  on  the 
droplet  generator  settings.  This  measure 
appears  to  account  for  evaporation  of  drops  in  a 
satisfactory  manner  and  leads  to  an  excellent 
agreement  between  theory  and  measurements. 


Two  phenomena  that  may  severely  affect  the 
performance  of  a  phase  Doppler  system  are 
mamined.  Multiple  scattering,  in  the  case  of 
submillimeter  particles,  may  be  modelled  as  a 
refraction  of  the  entire  laser  beams.  The  limiting 
values  of  particle  concentrations  for  PDA  that 
are  specified  in  the  existing  literature  are  based 
solely  on  the  dimensions  of  the  measurement 
volume  and  ignore  the  multiple  scattering  effect. 
If  accurate  measurements  for  individual  particles 
are  desired  then  the  limiting  concentrations  are 
as  much  as  two  orders  of  magnitude  smaller 
than  the  specified  values. 

However,  multiple  scattering  causes  only  a 
broadening  of  the  measured  size  distribution 
without  severely  affecting  the  mean  particle 
diameter.  Furthermore,  it  should  be  possible  to 
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deconvolve  the  effect  of  multiple  scattering  as 
the  phenomenon  conforms  fairly  well  to  a  rather 
simple  model  based  on  geometrical  optics.  The 
future  work  will  aim  at  corrections  of  the 
measured  distribution  to  offset  the  multiple 
scattering  effect. 

It  is  also  important  to  recognize  that  the  multiple 
scattering  effect  is  rather  demanding  for  the 
signal  processor.  The  optimal  settings  of  a 
processor  for  single  scattering  are  nof  applicable 
in  the  presence  of  multiple  scattering  In  the 
present  work,  256-point  FFT  was  needed  in  the 
presence  of  multiple  scattering,  as  opposed  to 
64-point  FFT  for  single  scattering. 

The  second  phenomenon  of  present  interest  is 
the  particle  trajectory  effect  Although  various 
elaborate  schemes  are  now  available  to 
eliminate  this  effect,  the  simplest  solution  in  the 
case  of  single-component  phase  Doppler 
involves  adjustment  of  optical  parameters,  i.e. 
off-axis  angle,  detector  spacing,  beam  angle 
etc.,  in  order  to  minimize  the  influence  of  particle 
trajectories  on  the  measured  phase.  For  this 
purpose.  Ref.  2  provides  a  rigorous  method 
utilizing  the  concept  of  critical  particle  diameters 
as  well  as  illumination  and  scattering  ratios  for 
reflection  and  refraction.  An  experimental 


verirication  of  the  critical  diameters  is  given 
herein,  which  substantiates  the  above  method 
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IMPROVING  THE  ACCURACY  OF  PARTICLE  SIZING  TECHNIQUES 
USING  THE  UGHT  SCATTERED  FROM  SINGLE  PARTICLES 


M.FJ.  Bohan  and  T.C.  Claypofe 
Univenity  CoUecr  of  Swaaaea,  Wales 


ABSTRACT 

The  sizing  of  particles  by  laser  light  scattering 
techniques  assumes  the  particles  are  smooth  and  spherical. 
When  sizing  materials  such  as  coal  and  char,  this  assumption 
is  far  bom  valid  as  the  particles  are  faceted  and  non- 
spbeiical.  The  development  of  a  technique  for  removing 
spurious  measurements  caused  by  facets  and  other  areas  of 
non-uniformity  has  been  developed.  Individual  panicles 
within  a  size  range  between  40pm  and  ISOpm  were  rotated 
in  a  laser  beam  and  the  signals  from  two  and  three  detectors 
simultaneously  compared.  This  has  lead  to  a  technique 
producing  an  improvement  in  the  reliability  of  the 
measurements  by  up  to  73%. 

1.0  INTRODUCTION 

Many  industrial  processes  involve  flows  of  powders  or 
sprays  in  a  fluid  medium.  Informatian  about  particle 
parameters  such  as  velocity,  size  and  concentration  ate  of 
value  in  the  control  of  such  processes.  Well  developed  non 
invasive  optical  exist  for  the  measurement  of 

velocity,  e.g.  Drain  (1986).  Several  different  techniques  have 
been  developed  for  the  measurement  of  particle  size  using 
the  light  scattered  from  individual  particles.  These  include 
the  use  of  intensity,  visibility  and  phase  Doppler.  However, 
the  measurement  of  nregular  particles  remains  an  area  of 
considerable  difficulty,  dmpite  the  widespread  occurrences  of 
such  particles.  A  signal  validation  technique  has  been 
developed  to  improve  the  accuracy  of  the  sizing  of 
irregularly  shaped  particles  for  visibility  /  intenaty  based 
techniques.  This  first  required  an  understanding  of  the 
scattering  of  light  from  irregular  particles. 

2.0  UGHT  SCATTERING  FROM  IRREGULAR 

PARTICLES 

A  short  discussion  of  the  processes  involved  in  light 
scattering  from  particles  would  telp  in  die  understanding  of 
the  experimental  program.  The  scaOering  of  light  from 
spherical  particles  has  been  thoroughly  researched  and  is  now 
well  understood,  van  de  Hulst  (1957),  Bohren  and  Huffinan 
(1983).  The  use  of  the  spherical  particle  results  in  the 


scattered  light  intensity  distiibinioiis  being  predictable  for  any 
particle  orientation.  Therefore,  it  is  possible  to  relate  the 
scattered  light  intensity  (and  visibility)  to  the  size  of  the 
particle. 

For  particles  of  diameter  much  greater  than  the 
wavelength  of  light,  three  main  processes  dominate  the  light 
scatter.  These  are  reflection,  refraction  and  diffraction.  The 
amount  of  light  scattered  by  these  processes  is  dryendant  on 
the  wavelength  of  the  illuminating  light,  the  particle  size, 
shape  and  merwiai,  and  on  the  angle  between  the  incidec.: 
light  and  the  collection  angle. 

The  particles  analysed  were  coal  with  nominal  diameters 
varying  between  SOpm  and  TOOpm.  For  these  pHtides,  the 
contribution  due  to  refraction  it  negligible  due  to  their  high 
light  absorbtion.  The  contribution  due  to  diffractioo  will 
reduce  dramatically  outside  the  main  diffraction  lobe.  For  a 
spherical  particle  of  SO  microns,  the  main  diffraction  lobe  is 
approximately  one  degree  off  axis.  The  inegulatity  of  the 
Mtterini  particle  will  not  significantly  effect  this  angle,  but 
make  the  diffracted  hgbt  profile  non-symmetric.  Therefore, 
outside  this  region  (0>l*^  the  majority  of  the  scattered  light 
is  due  primarily  to  reflection  from  die  particle  surface. 

Reflection  from  ^berical  particles  is  a  relatively  simple 
problem,  but  is  useful  in  highlighting  the  light  scatter 
process.  Consider  a  particle  of  radius  R  illuminated  by  a 
collimated  beam  of  light  Suppose  the  scattered  light  is 
collected  by  a  lens  of  diameter  d  and  focal  length  f .  It  can  be 
shown  that  the  intensity  of  the  scattered  light  L  is  given  by 


f  /  d 


or  any  angle  of  incidence  provided  that  the  collection 
aperture  it  small.  This  relationship  will  remain  good  for 
larger  apertures  provided  the  collection  angles  ate  away  firom 
the  forward  direction. 

Now  consider  an  irregular  particle.  The  primary  change 
in  the  analysis  is  that  the  radius  that  appears  in  Equation  1  is 
r^laced  by  the  local  radius  of  curvature  of  the  particle.  This 
is  no  longer  constant  but  depends  on  the  particle  orientation. 
For  a  spherical  particle  this  is  equivalent  to  the  particle 
diameter.  However,  this  is  not  the  case  for  non-spherical 
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dumeter.  However,  this  is  oot  Ibe  case  for  oon-spbericel 
particles.  The  esteitt  to  which  meesuiciiients  of  radius  of 
curvature  of  the  particle  will  provide  a  meaiis  of  measoriag 
the  particle  size  will  depend  on  the  degree  of  irregularity  of 
the  particle.  Therefore,  as  the  local  radius  of  curvature 
increases,  there  would  be  a  tendency  for  the  scattered  light 
intensity  to  increase. 

2.1  PRELIMINARY  INVESTIGATION  INTO  UGHT 

SCATTERING  FROM  IRREGULAR  PARTICLES 

Due  to  the  complexity  of  the  scattering  from  an  irregular 
particle,  the  light  tcatter  from  these  psticles  was  investigated 
experimentally.  In  a  free  flow  the  particles  would  randomly 
pass  dirottgh  the  laser  beam  in  any  orienuiion.  A  series  of 
experiments  were  undertaken  with  particles  suspended  on 
stalks.  This  allowed  each  of  the  particles  to  be  individually 
characterised.  The  particles  were  slowly  rotated  about  their 
axis  in  the  centre  section  of  an  illuminating  laser  beam  to 
sinuiiale  the  different  orientations  the  particle  would  pass 
through  a  measurement  volume.  The  scattered  light  was  then 
collected  at  different  collection  angles  that  varied  between 
five  and  ninety  degrees.  Coal  was  selected  for  die 
investigation  as  this  provided  an  itiegular  particle  for  which 
there  was  a  commercial  interest  regarding  the  validity  of  the 
size  infbmution  obtained  from  the  current  investigation.  The 
size  range  of  mterest  varied  between  dOpm  and  IdOpm  in 
rjiLS  diatneter. 

The  experimental  arrangement  is  shown  in  Rgure  1.  The 
mounted  particles  were  rotated  about  their  axis  centrally  in 
a  laser  beam.  In  this  section  of  the  laser  beam,  the  intensity 
was  approximately  even.  The  scattered  light  was  then 
collected  using  pbotomultqilier  tubes.  The  first  set  of 
collection  optics  remained  fixed  at  5  degrees  to  the  laser 
beam  and  the  second  set  were  rotated  about  the  particle  to 
collect  the  scattered  light  at  90^,  iffi  and  30**  to  die  laser 
beam.  A  repeat  set  measurements  were  taken  at  90^  to  ensure 
experimental  consistenoey.  The  signals  were  transferred  to 
conqioter  via  a  set  buffer  interfeces.  A  typical  response  from 
a  single  rotating  coal  particle  is  shown  in  Hgute  Z  for 
collection  angles  of  five  and  ninety  degrees.  The  dominant 
light  scattering  process  for  these  particles  is  reflection.  The 
high  intensity  regions  in  the  signab  (A,  B  and  C)  correspond 
to  facets  (flat  areas)  on  the  particle  surface.  At  certain 
orierdations  these  can  give  rise  to  localised  flashes  of  high 
irdensity  light  It  was  found  that  as  the  collection  angle  is 
increased  the  intensity  of  these  flashes  will  increase.  These 
flashes  can  lead  to  large  errors  in  particle  sizing  if 
conventional  laser  based  systeau  are  used  (only  50%  of  the 
measurements  are  within  ±25%  of  the  nominal  particle  size). 


Hgure  1  Plan  view  of  the  experimental 

arangement  collection  optics  set  at  5  and 
80  degrees 


A 


Figure  2  Signal  fluctuations  for  a  collection  angle 

of  5  and  90  degrees 
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3  0  SIGNAL  VALIDATION  TECHNIQUE  USING  TWO 

DETECTORS 

The  previous  section  has  shown  how  facets  on  the 
particle  section  can  give  rise  to  localised  flashes  of  intense 
light,  depending  on  the  particle  orientation.  Using  this 
feature,  a  differencing  technique  has  been  developed  to 
remove  these  flashes.  The  initial  evaluation  of  the  signal 
validation  technique  was  carried  out  using  coal  particles.  The 
method  is  based  on  using  two  spatially  separated  collection 
apertures  and  comparing  the  two  signals  received. 


Figure  3  Experimental  arrangement  using  two  detectors 

The  experimental  arrangement  is  shown  in  Figure  3.  The 
particles  are  rotated  in  the  central  section  of  a  laser  beam 
with  two  identical  sets  of  collection  optics  being  used  to 
collect  the  scattered  light  These  were  aligned  at  90  degrees 
to  the  laser  beam,  with  an  internal  separation  of  20  degrees. 
The  coal  paru.les  used  were  mounted  on  9  micron  tungsten 
wires.  This  allowed  for  a  tight  control  over  the  type  of 
particles  examined.  Particles  were  only  selected  that  bad 
aspect  ratios  between  0.6  and  1.0.  This  meant  that  the 
changes  in  intensity  would  primarily  be  functions  of  the 
paiticL'  surface  and  not  the  changing  apparent  particle  size. 
Figure  4  (i)  shows  the  signal  flucmations  from  a  100  micton 
coal  particle.  The  flashes  tend  not  to  be  detected  by  both  the 
photomultipliers  simultaneously  as  they  are  fairly  localised. 
If  the  two  signals  are  compared.  Figure  4  (ii),  it  can  be  seen 
that  the  in  regions  where  there  are  high  intensity  flashes, 
these  will  result  in  there  being  a  large  difference  between  the 


signals.  If  a  limit  is  applied  to  this  difference  to  validate  the 
signals,  then  those  signals  due  to  the  facets  on  the  particle 
surface  (flashes)  can  be  removed  The  use  of  this  technique 
results  in  a  35%  improvement  in  the  prediction  of  the  particle 
size  (approximately  72%  of  the  measurements  are  within 
r^S%  of  the  nominal  particle  size),  see  Table  1 . 


Figure  4  Signal  fluctuations  and  difrerencing  for  a  100 
micron  coal  particle 


Particle 

Type 

Percentage  of  cociecl  estimalioas 

Original  Signal 

Diffemice  Signal 

±15% 

±25% 

±15% 

±25% 

Coal 

35.9 

53.6 

53.2 

72.2 

Char 

34.6 

53.1 

50.0 

71.8 

Table  I  Average  percentage  of  correct  estimatioiu  for  coal 
and  char  particles 

The  work  was  extended  to  include  different  particle 
surface  characteristics  by  the  use  of  char.  The  experimental 
techniques  were  similar  to  those  applied  to  the  coal  particles. 
The  hght  is  scattered  differently  from  the  char  when 
compared  with  the  coal.  Figure  5.  This  can  be  attributed  to 
the  char  structure  which  has  been  formed  by  the  driving  off 
of  volatiles  from  a  coal  particle.  The  resulting  structure  does 
not  possess  such  well  defined  facets  and  tends  towards  a 
roughened  surface.  This  results  in  the  flashes  from  the  char 
particles  not  being  as  intense  or  as  localised  as  those  from 
the  coal  particles.  The  differencing  technique  when  applied 
to  these  particles  increased  the  accuracy  to  a  similar  degree 
to  that  observed  with  the  coal.  Table  I. 
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Figure  S  Signal  fluctuations  and  differencing  for  a  64 
micron  char  particle 

4.0  THE  USE  OF  THREE  DETECTORS  FOR  SIGNAL 

VALIDATION 

Study  of  these  results  indicated  that  the  accuracy  of  the 
technique  could  be  further  increased  by  the  use  of  three 
detectors.  The  scattered  light  was  collected  at  three  ^Mtially 
separated  apertures.  The  signals  received  from  die  72Mm 
particle  are  shown  in  Figure  S.  The  three  signals  detected 
again  illustrate  the  effects  of  facets  with  die  flash  L  being 
different  between  all  three  signals.  The  differences  between 
the  signals  and  can  be  used  for  validation. 

The  improvement  obtained  when  only  one  set  of  limits  are 
af^died  (Ay^  or  Ay^(<  or  A^)  is  increased  to  72%,  which  is 
in  good  agreement  with  the  earlier  findings.  This  allows  the 
results  from  the  duee  detectm  work  to  compared  with  two 
detector  findings. 

The  use  of  a  minimum  of  two  limits  (Ay^&Ay^f;  or 
Ay^&Agc  or  AAC^tAB(;)  to  validate  the  signal  significandy 
increases  the  average  percentage  of  conect  estimations  and 
change  due  to  the  af^licadon  of  the  validation  technique. 
The  average  number  of  correct  estimations  within  ±2S%  of 
the  particle  size  is  improved  from  S2%  for  the  original  signal 
to  71%  with  one  limit  being  applied  and  to  92%  with  die  use 
of  all  three  limits  being  used  to  validate  the  signal. 

The  further  improvement  in  the  percentage  of  correct 
estimations  with  the  use  of  three  detectors  can  be  explained 
by  referring  to  the  signal  fluctuations.  Figure  6.  At  position 
X,  there  is  the  start  of  a  flash  caused  by  a  facet.  The 
response  of  detectms  A  and  B  to  the  start  of  this  is  similar. 
This  is  caused  by  the  faceted  area  being  situated  nominally 
midway  between  the  two  collection  angles.  This  results  in  the 
signals  from  the  faceted  area  being  validated.  However,  the 
response  from  detector  C  is  completely  different  in  both 
amplitude  and  shape.  Therefore,  the  resulting  signals  are  not 
validated  using  this  detector  as  they  are  outside  the  difference 
limiL  The  use  of  three  detecton  will  also  eliminate  signals 
that  are  validated  as  the  transitional  response  from  the  two 
detecton  coincide.  This  may  happen  as  the  response  of  one 
is  increasing  as  a  result  of  the  faceted  area  as  the  other  is 
decreasing. 
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Figure  6  Signal  fluctuations  and  differencing  for  three 
detecton  using  a  72  micron  and  particle 

5.0  CONCLUSIONS 

The  results  have  shown  that  the  sizing  of  irregular 
particles  on  the  assumption  that  they  are  ^ibeiical  is 
dangerous  as  it  can  give  rise  to  large  eiron.  These  are 
dependent  on  the  particle  surface  characteristics  and  size.  If 
the  signal  validation  technique  described  is  applied  to  a  set 
of  two  signals  the  accuracy  of  the  measurement  can  be 
increased.  This  can  be  further  increased  if  three  detecton  are 
used. 
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ABSTRACT 

A  common  situation  is  the  polydis- 
persity  and  the  slippage  of  particles 
in  two-phase  flows.  If  the  Doppler  spe¬ 
ctrum  of  two-phase  flow  is  registered 
in  accumulation  mode,  then  a  broad  spe-'' 
ctrum  is  obtained  instead  of  a  single 
Doppler  line.  The  complex  shape  of  this 
spectrum  reflects  the  distributions  of 
particles  velocities  and  scattering 
properties  due  to  polydispersity  of 
particles  system  and  to  variation  of 
the  flow  velocity  in  space  and  time. 
Thus,  by  solving  an  Inverse  problem, 
one  may  hope  to  reconstruct  some  of  the 
distribution  functions  characterizing 
the  particles  system  or  the  flow  itself 
from  the  shape  of  the  Integral  Doppler 
spectrum.  Such  procedure  can  be  conve¬ 
nient  when  the  tracking  of  particles  or 
the  scanning  of  a  flow  are  complicated. 
The  aim  of  this  paper  is  to  develop  the 
theory  and  to  show  characteristic 
examples  of  the  integral  Doppler  spec¬ 
tra  of  two-phase  laminar  flows  with  the 
size-velocity  correlation  in  a  par¬ 
ticles  system. 


1.  BASIC  CONCEPT  OF  THE  INTEGRAL 
DOPPLER  ANEMOMETRY  (IDA) 

In  many  fields  of  laser  Doppler 


wemometry  (LDA)  the  final  goal  of  inve¬ 
stigation  is  some  distribution  function 
of  the  object,  e.g.  the  flow  velocity 
profiles  or  the  particles  size  distribu¬ 
tion,  function  (Durst  et  al  (1976),  Rin¬ 
kevichius  (1990)).  To  reach  these  goals, 
it  is  natural  to  employ  the  integral 
approach  (Kononenko  (1993a)),  trying  to 
register  the  whole  spectrum  ofparameter 
values  simultaneously,  and  to  obtain  the 
relevsmt  distribution  function  from  a 
single  measured  curve. 

The  general  formulation  of  the  in¬ 
tegral  approach  in  LDA  of  laminar  flows 
is  as  follows.  Let  us  consider  a  fluid 
or  gas  flow  contain!^  particles  of  va¬ 
rious  size.  Let  v  (r,a,t)  be  the  par- 

tide  velocity,  C(r,a,t)  be  the  time- 
average  particles  concentration,  both 
functions  depending  on  coordinate  r, 
time  t,  and  particle  radius  a.  Let  ^(a) 
be  the  appropriate  cross-section  of 
laser  light  scattering  by  a  particle 
(Rinkevichius  (1990)).  The  Doppler  spec¬ 
trum  corresponding  to  a  single  particle 
can  be  described  (neglecting  any  broa¬ 
dening)  by  a  delta-function  centered  at 
the  j^mler  frequency  of  a  particle 
<i>  (r,a,t),  ^  being  the  scattering 

D  p 

wavenumber.  A  time-average  amplitude  of 
this  Doppler  line  is  proportional  to  the 
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particles  concentration  and  to  the 
scattering  cross-section  of  a  particle 
squared.  If  the  Integral  Doppler  spec¬ 
trum  S(u)  is  registered  instead  of  a 
single  Doppler  line,  then  this  line’s 
position  and  intensity  should  be  integ¬ 
rated  over  all  relevant  parameters, 
l.e.,  over  space,  time,  and  particle 
radius: 


S(«)  =  const’ 


ir^(a)  -CCr.a,  t)  ■ 


•6[u-q*v  (r,a,t)]  dr  da  dt  (1) 

p 


Formula  (1)  is  the  general  expression 
for  the  integral  Doppler  spectrum.  It 
connects  the  shape  of  this  spectrum 
with  the  characteristic  functions  of 
the  flow  and  the  particles  system  in  a 
flow.  Using  this  connection  and  employ¬ 
ing  special  algorithms,  one  may  hope  to 
reconstruct  these  functions  from  the 
Doppler  spectra.  Thus,  the  problem  is 
formulated  as  an  inverse  one.  It  is 
known,  that  problems  of  this  kind  can 
be  solved  correctly,  i.e.,  the.  unique 
solution  can  be  obtained  for  the  integ¬ 
rand  functions,  provided  some  additio¬ 
nal  a  priory  Information  exists  on 
their  functional  form.  First  of  all, 
that  means  that  functions  entering  (1) 
should  depend  on  a  single  variable 
only.  This  demand  means  the  possibility 
of  several  branches  of  the  Integral 
Doppler  Anemometry  (IDA),  depending  on 
the  physical  characteristics  of  the 
object  being  studied  and  on  the  measu¬ 
ring  conditions  (Kononenko  (1993a)). 
The  main  of  these  branches  are  the 
following  ones:  1)  the  spatial  IDA 
(Kononenko  (1992),  (1993a),  and 

(1993b)),  which  can  be  used  in  the  case 
of  time-independent,  spatially-varying 
flows  with  particles  velocities  follow¬ 
ing  the  local  flow  velocity:  v  =v  (r), 
-4  P  ^ 

C=C(r,a);  2)  the  time-scale  IDA,  which 

can  be  applied  to  the  time-dependent 
flows  and  time-dependent  particles  sys¬ 
tems  without  spatial  dependence  or  mea¬ 
sured  locally:  v«v(t,a),  C«C(t,a);  3) 

p 

the  IDA  of  multiphase  flows  with  size- 
velocity  correlation  of  carried  par¬ 


ticles,  which  can  be  used  for  investiga¬ 
tion  of  polydisperse  multivelocity  sys¬ 
tems  of  particles  in  stationary  flows 
without  raatial  dependence  or  measured 
locally:  v  «*v  (a),  OC(a). 

p  p 

Of  these  three  branches,  only  the 
spatial  IDA  is  developed  at  the  present 
time  as  a  practical  measuring  technique, 
and  it  was  applied  successfully  to 
investigations  of  the  narrow  channel 
flows  (Kononenko  (1993b)). 


2.  IDA  OF  POLYDISPERSE  MULTI VELOCITY 
SYSTEMS 

The  particles  in  multiphase  flows  are 
usually  polydisperse,  and  their  /elo- 
cities  may  differ  from  the  local  flow 
velocity  depending  on  the  size,  shape 

and  physical  parameters  of  particles. 
The  typical  examples  are  the  sedimenta¬ 
tion  of  aerosols  and  particles  in  a 
fluid,  or  the  inertia  slip  of  particles 
in  hypersonic  flows  (Rinkevichlus  et  aJ 
(1974),  Rinkevichlus  (1990)).  The  multi¬ 
phase  flows  may,  in  general,  have  the 
spatial  dependence  of  flow  velocity 
also.  Thus,  to  avoid  the  mixture  of  the 
spatial  and  the  polydlsperse-multlvelo- 
city  integral  effects,  it  is  necessary 
to  register  the  spectrum  locally.  The 
shape  of  IDA  spectrum  in  this  case  is 
^Iven  by  the  integration  in  (1)  for 
r,  theorist: 

2 

S(«)  =  const'<r  la(u)]  -Claiu)]  • 

P  ' 

The  function  aj^w)  in  (2)  is  defined  by 
the  equation  |g*v^(a)  |*«,  and  the  boun¬ 
daries  and  of  the  integral  spect¬ 
rum  are  defined  by  the  particles  size 
distribution  boundaries  according  to 
this  equation. 

The  spectral  equation  (2)  shows  two  mea¬ 
suring  possibilities  in  the  IDA  of  poly- 
disperse-multivelocity  systems  of  par¬ 
ticles.  The  first  one  is  the  reconstruc¬ 
tion  of  the  size  (or  other  parameter) 
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distribution  function  C(a),  knowing  the 
dependence  v  (a)  of  particle  velocity 

p 

on  this  parameter  (the  slippage  law). 
The  second  one  is  the  determination  of 
the  slippage  law  if  the  distribu¬ 
tion  function  C(a)  is  known  beforehand 
or  measured  independently.  The  situa¬ 
tion  has  a  formal  similarity  with  the 
spatial  IDA  considered  by  Kononenko  and 
Shimkus  (1992).  The  difference  is  that 
the  reconstruction  algorithms  should 
take  into  account  the  (r(a)  dependence, 
which  can  be  taken  from  the  theory  of 
light  scattering  by  small  particles. 

Let  us  consider  two  limiting  cases 
then  o-(a)  can  be  expressed  by  simple 
formulae:  the  Rayleigh-Gans  approxima¬ 
tion  valid  for  the  optically  "soft" 
particles  of  arbitrary  size,  and  the 
large  (compared  with  the  light  wave¬ 
length)  particles  approximation,  when 
the  diffraction  component  dominates  in 
the  scattered  light.  If  a  particle  is 
illuminated  by  two  linearly  polarized 
plane  waves  simultaneously,  as  it  is 
done  in  the  dual -beam  LDA  arrangement, 
then  it  can  be  characterized  by  the 
usual  (single-beam)  scattering  cross- 
sections  or.  and  <r  refered  to  each 

beam,  and  by  the  coherent  (dual-beam) 
scattering  cross-section  (Rinkevi- 

chius  (1990)).  For  a  spherical  particle 
in  Rayleigh-Gans  approximation  the  dif¬ 
ferential  scattering  cross-sections 
have  the  form: 


do-  I A  ,  1 2.  3 
1  11  o-I  ka 


da 


«  ^  ^ 2Jca  •  sin-i-) 

f  1113 

h  r) 


2  2  2 
fj(#j,Pi)  “  sin  Pj  +  cos  Pj-cos 


cto* 

da 


12  n 
■  4 


|«-J|^/ca^*f2(dj,f>j) 


f  4  \ 3/2 

(sin  — ] 

(sin  -i] 

1  2  ^ 

1  2  i 

•J  A2ka-sin-^)-J^l2ks-sin-^) 
3/2  2  2 


/  (tf  ,p  )  ■  sinlp  )'Sinln)+  cos(®  )• 

2  11  1  2  1 

*cos(e  )  •cos(i>  )  •cos(d  ) , 

2  1  2 

J-1,2.  (3) 

In  the  large  particles  approximation: 
cUt 

—  »  •sinO  )*sln  ^4  ,  i^l,2 

dO  ^  ‘  ‘ 

d«r.  ,  J  Ika'SinA  )-J Aka- sin») 

12  2  1  11  2 
-  m  a  •  - • 

da  slndj 'Sind^ 

f  («  ,p  )  “  sln(p  )*sin(»  )+ 

3  11  A  2 

+  cos (p^ ) •005(^2)  .  (4) 

Here  in  is  the  relative  complex  refrac¬ 
tive  index  of  a  particle  substance, 
k»2K/X  is  the  wavenumber  and  A  is  the 
wavelength  of  light  in  the  medium,  e  is 
the  scattering  angle,  p  is  the  angle 
between  the  electric  vector  of  the  inci¬ 
dent  wave  and  the  plane  of  scattering, 

J^Ax)  and  7.  (z)  are  the  Bessel 
3/2  1 

functions.  The  inequality  2ka|^l|«l  is 
supposed  to  be  fulfilled  in  (3).  Formu¬ 
lae  (3),  (4)  are  written  for  the  scatte¬ 
ring  direction  lying  in  the  plane  of  the 
incident  beams.  The  scattering  cross- 
sections  tr  entering  formulae  (1),  (2) 

are  the  integrals  of  the  expressions  (3) 
or  (4)  taken  within  the  aperture  solid 
angle  AQ  of  receiving  optics  (a  cone 
with  the  apex  angle  Fig.l  shows 

the  particle  size  dependence  of  the 
corresponding  cross-sections. 

The  analytical  expressions  (l)-(4) 
for  the  shape  of  IDA  spectra  can  be  used 
both  for  computation  and  for  comprehen¬ 
sive  analysis  of  this  shape.  As  these 
expressions  and  Fig.l  show,  the  oscilla¬ 
tory  behavior  of  for  large  particles 

may  result  in  a  series  of  minima  and 
maxima  in  IDA  spectmim  of  polydisperse 
particles  system  in  a  flow,  even  in  the 
case  of  smooth  size  distribution  func¬ 
tion  of  these  particles. 
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£ 


scattering  cross  section,  r.u. 


Flg.l.  Dependences  of  single-beam  scat¬ 
tering  cross-section  and  dual-beam 

(coherent)  cross-section  a-  on  par- 

12 

tide  radius  In  Raylelgh-Gans  (solid 
curves)  and  large  particles  (dashed 
curves)  approximations  for  differential 
LDA  arrangement. 

A«=(0.63/1.33)  fim. 


3.  DIFFERENTIAL  LDA  OPTICAL  ARRANGEMENT 

Let  us  consider  the  shape  of  poly- 
dlsperslal  IDA  spectrum  for  the  diffe¬ 
rential  optical  arrangement  of  LDA, 
using  the  fringe  model  of  Doppler  ane¬ 
mometer  (Durst  et  al  (1976),  Rlnkevl- 
chlus  (1990))  and  the  stochastic  ana- 
lyslsprocedure  (Kononenko  (1993b)). 
Each  particle  moving  with  a  flow 
throiigh  the  fringe  pattern  near  the 
beams  Intersection  generates  a  time- 
dependent  signal  of  the  registering 
photodetector.  A  total  signal  can  be 
considered  as  a  random  succession  of 
pulses,  the  shape  of  a  pulse  being  de¬ 
termined  by  the  profile  /(x,y,z,a)  of 
the  scattered  light  Intensity  taken 
along  the  particle’s  trajectory  with 
particular  lateral  coordinates  y,  z. 
The  power  spectrum  of  this  signal  Is 
given  by: 


Fig. 2.  Size  distribution  In  a  model  mix¬ 
ture  containing  two  fractions  with  the 
normal  distributions:  small  particles 
with  Aq**0.1  pm,  d«0.06  pm  and  large 

particles  with  8^>3.6  pm,  8>0.53  pm. 

Dashed  lines:  size-velocity  correlation 
for  large  particles  at  small  (1)  and 
large  (2)  distances  for  u^>0.25  v  . 

Or 


a 

max 

S{w)«2  !!h  (y,z,a)-C7(y,z,a)* 


• |F(«,y,z,a) I  dy  dz  da  + 

+  4iil^6(«)  .  (5) 

Here  F(u,y,z,a)  Is  the  Fourier  transform 
of  the  pulse  shape  Jlz(t),y,z,al  with 

2 

x(t)=v  (y,z)*t,  and  J  Is  the  tlme-ave- 

p 

rage  photocurrent.  The  F(o,y,z,a)  exp¬ 
ression  for  the  differential  LDA  arran¬ 
gement  Is  given  by  Kononenko  and  Rlnke- 
vlchlus  (1993). 

The  formula  (5)  Is  the  general  exp¬ 
ression  for  the  shape  of  IDA  spectr\im. 
which  describes  both  the  spatial  and 
polydlsperslal  Integral  effects  In  LDA 
of  stationary  two-phase  flows  taking 
Into  account  the  Instrumental  function 
of  the  optical  arrangement  of  Doppler 
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anemometer.  To  consider  the  polydisper- 
sial  IDA  spectra  only,  the  integration 
should  be  done  in  (5)  over  y  and  z. 


4.  TYPICAL  IDA  SPECTRA  OF  TWO-PHASE 
FLOWS 

Let  us  consider  a  system  of  sphe¬ 
rical  solid  particles  with  the  normal 
size  distribution,  which  are  introduced 
with  zero  initial  velocities  into  a 
high-speed  gas  flow.  It  can  be  shown, 
that  for  high  values  of  particle’s  Rey¬ 
nolds  number  the  size-velocity  correla¬ 
tion  in  this  system  is  described  by 
V  (a)a<u  (z)  •  (a /a)  •  for  small  distan- 

p  0  0 

ces  X  from  the  injection  point,  and  by 
v^(a)“Vp-u^(z)  •  (a/a^)  for  large  distan¬ 
ces  close  to  the  equilibration  dis¬ 
tance.  Here  a^  is  the  dlstributlon- 

average  radius  of  particles.  S  is  the 
distribution  width.  is  the  par¬ 
ticle’s  velocity  corresponding  to  a  . 

0 

Fig. 2  shows  the  size  distribution  func¬ 
tion  C(a)  of  a  model  system  consisting 
from  two  fractions  of  particles.  It  is 
supposed,  that  at  two  characteristic 
observation  points  downstream  the  flow 
small  particles  has  already  acquired 
the  flow  velocity,  while  large  par¬ 


ticles  are  still  slipping  in  a  flow 
according  to  above-written  laws.  Fig. 3 
shows  the  IDA  spectra  of  such  two-phase 
flow,  calculated  using  the  equation  (5) 
with  the  corresponding  scattering  cross- 
sections  cr  .  V,  <r  obtained  by  integ- 

rating  (3)  within  the  receiving  aperture 
cone  (see  Fig.l).  The  main  feature  of 
these  spectra  is  the  line  structure  of 
the  spectral  curve  correspondir,g  to  the 
fraction  of  large  particles.  As  it  can 
be  seen  from  equations  (2),  (3)  and 

Figs. 1,2,  this  structure  originates  from 
the  oscillatory  behavior  of  the  diffe¬ 
rential  scattering  cross-section  cr  (a) 

12 

for  a>l  pm. 

Let  us  consider  another  characteri¬ 
stic  and  practically  important  example 
of  polydispersial  integral  effects  in 
LDA,  namely,  the  Doppler  spectra  of  po- 
lydisperse  particles  system  with  the 
normal  size  distribution,  which  settle 
in  a  still  medium.  In  this  case  v  (a)^ 
2  2  ^ 

>  are  the  densities  of  particles  ma¬ 
terial  and  medium,  correspondingly,  g  is 
the  acceleration  of  gravity,  i)  is  the 
medium  viscosity.  We  assume  that  the 
light  scattering  by  these  particles  can 
be  described  either  by  Rayleigh-Gans 
approximation  (3),  or  by  large  particles 


spectral  power  S(u),  relative  units 


0.0  0.2  0.4  O.e  0.8  1.0  1.2 

relative  Doppler  frequency,  a/eaf 

Fig. 3.  Integral  Doppler  spectra  of  bincxial  polydisperse  particles  system  (Fig. 2) 
carried  along  by  a  high-speed  gas  flow,  calculated  for  small  (^ttom)  and  large 
(top)  distance  from  the  injection  point,  u  (x)»0.25  v  ,  d  “d  "lO®,  p«2°. 


approximation  (4).  Fig. 4  shows  the 

changes  of  the  Doppler  spectrum  of  this 

particles  system  when  the  mean  particle 

radius  a  is  increased  but  the  relative 
0 

width  5/a  of  the  size  distribution 
0 

function  is  kept  constant.  The  latter 
ensures  the  constant  shape  of  the  spec¬ 
tral  envelope  C[a(u)] * [datul/du] .  For 
small  a^  the  spectrum  shape  is  deter¬ 
mined  by  a  smooth  contour  of  the  size 
distribution  (7(a).  With  the  increase  of 
the  modulation  of  the  spectral  enve¬ 
lope  by  the  oscillations  of  the  scat¬ 
tering  cross-section 

ir^^l2ka(.u)‘Sinl^/2)]  (Rayleigh-Gans)  or 

O'  [ka(u>sin(d)  ]  (Large  Particles) 
12 

begins  to  manifest  itself.  This  process 
can  be  easily  understood  by  comparing 
Fig.  4  with  Fig.l.  The  curve  o‘^^(a^,o) 

moves  gradually  to  the  left  with  the 
Increase  of  a^,  and  the  transformations 

of  Doppler  spectra  shape  at  Fig. 4  evi¬ 
dently  reflect  this  movement. 

Fig. 5  shows  the  shape  of  IDA  spec¬ 


Fig.4.  Doppler  spiectra  of  settling  par¬ 
ticles  system  with  the  normal  size  dis¬ 
tribution,  calculated  in  Rayleigh-Gans 
(1,2)  and  Large  Particles  (3)  approxi¬ 
mations  for  a^/5=7, 

a  *3.6  fiffl  (2,3).  «*  ^*2°. 

0  12 


trum  of  settling  particles  being  dis¬ 
cussed,  calculated  using  Rayleigh-Gans 
approximation  for  various  angles  25  bet¬ 
ween  the  probing  beams.  As  formulae  (3), 
(4)  show,  the  particle's  radius-depen¬ 
dent  oscillations  of  <r  become  less 

12 

frequent  with  the  decrease  of  5.  As  a 
consequence,  the  Doppler  spectrum  of 
large  particles  acquires  the  shape  cha¬ 
racteristic  of  the  spectrum  of  small 
particles.  Thus,  decreasing  the  angle 
between  the  beams,  one  may  transit  to 
the  region  of  "effectively  small"  par¬ 
ticles,  where  the  spectral  shape  proces¬ 
sing  and  the  reconstruction  procedure 
are  more  simple. 


5.  CONCLUSIONS 

The  theory  of  a  new  type  of  the  object- 
-integral  effects  in  LDA  is  developed. 
The  physical  basis  of  these  effects  is 
the  combination  of  the  polydispersity  of 
particles  with  their  slip  relative  to  a 
flow,  the  slip  velocity  depending  on  the 
particle  parameters.  The  characteristic 


Fig. 5.  Doppler  spectra  of  settling  par¬ 
ticles  system  with  the  normal  size  dis¬ 
tribution,  calculated  in  Rayleigh-Gans 
approximation  for  *^=3.6  pm,  a^/5®7,  and 

25  *  8°  (1).  20°  (2),  60°  (3).  5=5, 

M  12 

p*2  . 


ly 


24.5.6. 


features  of  Doppler  spectra  registered 
in  such  conditions  are  the  following:  a 
large  spectral  width  conditioned  by  the 
width  of  the  parameter  distribution 
function  C(a)  and  by  the  particles 
slippage  law  v  (a);  a  possible  mismatch 

p 

between  the  position  of  the  spectral 
contour  maximum  and  the  local  Doppler 
frequency  of  a  flow  ;  a  complicated 

shape  of  a  spectrum  with  the  possible 
line  structure  due  to  the  oscillatory 
behavior  of  the  coherent  scattering 
cross-section  sufficiently 

large  particles.  As  Figs. 3-5  demonst¬ 
rate  clearly,  the  size-velocity  corre¬ 
lation  in  large  particles  system  in  a 
flow  may  result  in  Doppler  spectra 
which  look  like  those  of  discrete  set 
of  particles  fractions,  even  if  the  ac¬ 
tual  size  distribution  function  of  par¬ 
ticles  is  a  smooth  curve.  The  line 
structure  in  such  spectra  strongly  de¬ 
pends  on  the  angular  parameters  of  the 
registration  of  the  scattered  light, 
namely,  on  the  angle  2d  between  the 
probing  laser  beams,  the  observation 
angles  d^,  d^,  and  aperture  angle  ^  of 

receiving  optics.  Thus,  the  polydls- 
perse-multlveloclty  integral  effects 
may  lead  to  serious- metrological  errors 
in  LDA,  if  did  not  taken  into  account 
or  misinterpreted.  On  the  other  hand, 
if  handled  properly,  they  can  be  used 
for  determination  of  some  characteris¬ 
tic  distribution  functions  of  two-phase 
flows  from  the  shape  of  the  integral 
Doppler  spectrum. 
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ABSTRACT 

This  paper  describes  a  miniaturized  particle  sizing 
velocimeter  built  by  MetroLaser,  highlighting  the  optical 
probe  containing  an  integrated  transmitter  and  receiver. 
The  instrument  is  the  first  of  its  kind  to  utilize  the  pulse 
displacement  technique  (PDT)  to  measure  particle  size. 
PDT  is  based  on  the  detection  of  scattered  refraction  and 
reflection  pulses  vduch  sweep  past  a  detector  at  different 
times  as  a  particle  traverses  a  narrow  laser  sheet.  In 
conjunction  with  the  particle  nzing  technique  and  a 
time-of-flight  velocity  measuring  technique,  the  instrument 
will  measure  the  size,  velocity,  and  coocentralkm  of 
particles  with  diameters  ranging  from  a  few  microns  to 
several  millimeters.  An  overview  of  the  features  and 
specifications  of  die  instrument  are  presented,  followed  by 
a  brief  review  of  the  optical  techniques  employed.  The 
optical  probe  is  then  described  in  detail.  Fia^y,  die  data 
processing  hardware  and  the  algorithms  developed  to  sort 
and  identify  all  reflection  and  refiactioa  pulses  are 
described.  Several  challenges  and  innovations  associated 
with  the  instrument  are  addressed,  including  the  use  of  an 
optical  fiber  bundle  integrated  with  two  multimode  fibers 
to  allow  measurements  over  both  a  small  probe  volume  (in 
the  measurement  of  sizes  from  2  to  100  Mm)  and  a  large 
probe  volume  (in  the  measurement  of  particle  diameters  up 
to  several  millimeters)  without  any  modification  to  the 
optical  probe. 


1.  INTRODUCTION 

Single  particle  counters  typically  use  illuminating 
laser  beams  with  dimensions  on  the  same  order  of 
magnitude  or  larger  than  the  size  of  the  measured  particles 
(see,  for  example,  Bachalo  and  Houser  (1984);  and 
Robinson  (197^;  Durst  and  Zard  (1975);  Hess  (1984);  and 
Holve  (1980))  and  are  characterized  by  size  ranges  of 
about  35:1  for  a  given  configuration.  These  features  can 
present  a  serious  limitation  in  many  two-phase  flows  which 
are  characterized  by  a  large  size  range  and  a  high  particle 
concentration. 

Recently,  however,  several  publications  (Hess  and 
Wood  (1992);  Lading  and  Hansen  (1992);  Hess  and  Wood 


(1993);  and  Hess  and  Wood  (1994))  have  described  the 
pulse  displacement  technique  (PDT)  which  has  the 
potential  of  measuring  the  size  of  particles  over  a  range 
exceeding  1000:1.  Unlike  earlier  techniques,  PDT 
illuminates  a  particle  with  a  laser  beam  or  sheet  that  is 
fypically  smaller  than  the  particle  diameter.  This  results  in 
resolved  refraction  and  reflection  pulses  scattered  by  a 
particle  as  it  traverses  the  beam  or  sheet.  At  a  fixed  index 
of  refraction  and  scattering  angle  of  detection,  the  time 
between  the  refracted  and  reflected  pulses  is  a  function  of 
the  size  and  velocity  of  the  particle.  Therefore,  knowledge 
of  the  velocify  and  the  time  between  the  refraction  and 
reflection  pulses  leads  directly  to  a  measurement  of  size. 


2.  INSTRUMENT  OVERVIEW 

Figure  1  presentt  a  schematic  drawing  of  the 
miniaturized  particle  sizing  velocimeter.  The  instrument 
consists  of: 

•  a  miniaturized  optical  probe  with  integrated 
transmitter  and  receiver; 

•  an  argon  ion  laser  with  a  laser-mounted  fiber  optic 
coiqiler; 

•  a  flexible,  water-proof  conduit  containing  single- 
and  multi-mode  optical  fibers  and  a  fiber  bundle; 

•  a  rack-mounted  opto-electronic  interface  module 
containing  the  photodetector  assembly  and  probe 
heater  controller;  and 

•  an  lBM<ompatible  microcomputer  containing  two 
digital  signal  processing  boards. 

The  instrument  will  measure  particle  sizes  in  two 
ranges  without  the  need  for  realignment.  The  first  range, 
from  2  to  100  M<n>  utilizes  PDT  and  1^^  together.  The 
second  range,  from  100  to  5000  Mm,  utilizes  only  PDT. 
When  changing  size  ranges,  the  optics  within  tiie  probe  do 
not  require  reconfiguring  so  the  probe  can  be  left 
undisturbed  at  the  point  of  measurement  while  the  operator 
makes  simple  changes  at  the  front  panel  of  the  opto¬ 
electronic  interfoce  module  (OEIM).  For  example,  if  the 
size  range  of  interest  fells  between  100  uid  5000  pm*  lb* 
output  of  a  custom  fiber  optic  bundle  (described  in  detail  in 
Section  4.2)  is  connected  to  the  front  panel  of  the  OEIM. 
If  the  nze  range  of  interest  fells  betiraen  2  and  100  pni. 
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Figure  1 .  Miniaturized  Particle  S^idng  Velocimeter 

the  output  of  a  100  pim  fiber,  imbedded  within  the  fiber 
buik^le,  and  a  separate  300  pm  fiber  are  connected  to  the 
OEIM. 

The  instrument  will  measure  particle  velocities  from 
less  than  0.1  m/s  to  more  than  ISO  m/s.  In  its  present 
configuration,  the  optical ..  /ue  is  constrained  to  measure 
particles  which  ent -r  the  probe  volume  at  an  angle  of 
±  30°  from  the  normal  tbe  sheets.  This  constraint  is 
imposed  to  keep  th^  inter-  of  the  optical  probe  dry  in  a 
wet  experimental  environment.  It  is  not  a  limitation  of 
PDT,  which  can  be  implemented  to  measure  the  velocity 
of  particles  entering  the  sheets  from  either  side  over  a  wide 
range  of  trajectory  angles. 

The  optical  probe  is  designed  to  operate  in  harsh 
environments  characterized  by  high  levels  of  noise  and/or 
vibration,  elevated  humidity  (from  fog  to  rain),  and  low 
ambient  temperatures.  The  inner  structure  of  the  t^tical 
probe,  containing  all  optics  and  mounting  hardware,  is 
constructed  of  Invar,  an  iron/nickel  alloy  with  a  low 
coefficient  of  expansion.  The  dimensional  stability  of 
Invar,  along  with  thermocouple-controlled  flexible  heaters 
attached  to  the  inside  of  the  optical  probe,  ensures  that  tbe 
probe  will  operate  from  below  0°C  to  well  above  room 
temperature  without  tbe  need  for  realignment. 

The  optical  probe  is  separated  from  the  laser, 
computer,  pbotodetectors,  and  system  electronics  by  23 
meters  of  optical  fibers  to  allow  the  instrument  operator  to 
perform  all  required  instrument  adjustments  in  an 
environmentally  controlled  area  apart  from  the  optical 
probe.  For  example,  the  coupling  efficiency  of  tbe  laser- 
to-fiber  coupler  can  be  monitored  visually  with  a  panel 
meter  on  the  OEIM.  This  meter  receives  an  electrical 
signal  from  a  photodiode  mounted  inside  the  optical  probe. 
Tbe  photodiode  monitors  the  beam  emerging  from  the 


probe  volume  to  allow  tbe  operator  to,  in  real-time,  adjust 
laser-to-fiber  launching  efficiency  or  correct  for  beam 
obscuration  in  dense  sprays.  In  addition,  the  operator  can 
change  the  photomultiplier  tube  gains  via  system  software 
using  a  custom  high  voltage  control  card  mounted  within 
the  computer. 

Tbe  instrument  employs  a  2  watt  argon  ion  laser 
(Lexel  Model  95-2)  operating  in  the  multiline  mode 
between  0.4S79  and  0.S14S  pm.  Laser  light  is  launched 
into  25  meters  of  Fujikura  SM  48-P  single-mode  optical 
fiber  using  a  laser-to-fiber  coupler  (OZ  Optics  Model 
HPUC-23-500-P-1)  mounted  directly  onto  tbe  laser  head. 
Approximately  0.8  watts  of  power  is  delivered  to  the 
optical  probe. 

The  optical  probe,  described  in  detail  in  Section  4, 
consists  of  a  transmitter  and  receiver  integrated  into  a 
single  package.  Tbe  transmitter  contains  optics  to 
a)  produce  a  collimated  beam  from  the  light  emerging 
from  the  single-mode  fiber,  b)  separate  the  resulting 
multiwavelengtb  beam  into  individual  monochromatic 
beams,  and  c)  produce  parallel,  focused  sheets  separated 
by  100  pm  at  wavelengths  of  0.4880  and  0.5145  pm. 

Light  scattered  by  particles  traversing  the  probe 
volume  is  collected  by  the  receiver  and  is  focused  onto  a 
fiber  bundle  or  individual  multi-mode  optical  fibers 
(depending  on  the  size  range  chosen)  for  transmission  to  a 
photodetector  assembly  located  in  the  OEIM.  The 
pbotodetector  assembly  consists  of  three  photomultiplier 
tubes  (PMTs),  each  mounted  on  a  custom  preamp  card. 
Two  of  the  PMTs  are  fitted  with  either  an  0.4880  pm  or  an 
0.5145  pm  interference  filter.  The  third  PMT  acts  as  a 
particle  trajectory  validator  and  accepts  scattered  light  of 
all  wavelengths. 

The  output  from  tbe  preamps  is  sent  to  a  pair  of 
digital  signal  processors  (Signatec  Model  DASPIOOA), 
housed  within  the  system  computer,  for  digitization  and 
data  reduction.  Tbe  function  of  the  digital  signal 
processors  is  described  in  detail  in  Section  5. 

Tbe  instrument  is  controlled  by  proprietary 
computer  software  which  allows  the  operator  to  a)  define 
important  experimental  parameters  (sheet  waist 
dimensions,  sheet  separation,  desired  size  and  velocity 
ranges,  etc.),  b)  set  important  data  acquisition  parameters 
(memory  size,  signal  digitization  rate,  PMT  high  voltage 
levels,  electronic  threshold  levels,  etc.),  and  c)  perform  a 
wide  range  of  post-experiment  data  processing  functions 
(calculate  size/velocity/time  correlations,  spline  multiple 
data  sets,  calculate  liquid  water  content,  etc.). 

3.  OPTICAL  TECHNIQUES  EMPLOYED 

Tbe  miniaturized  particle  sizing  velocimeter 
integrates  two  optical  particle  sizing  techniques:  the  pulse 
displacement  technique  and  tbe  I,^^  technique.  Both 
techniques,  as  specifically  implemented  in  the  present 
instrument,  are  briefly  described  in  this  section.  For  a 
more  detailed  discussion  of  PDT,  the  reader  is  referred  to 
Hess  and  Wood  (1993)  and  Hess  and  Wood  (1994).  For  a 
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more  detailed  discussioa  of  the  techuiqtie,  the  reader 
is  referred  to  Hess  (19S4). 

PDT  is  implemeoted  here  using  a  single  off-axis 
receiver  which  measures  the  intensity  of  scattered  light 
from  a  particle  sequentially  traversing  two  parallel  laser 
sheets  with  wavelengths  of  0.5145  and  0.48S0  pm.  This  is 
shown  schematically  in  Figure  2.  The  laser  sheets  have 
waists  of  20  ptn,  smaller  than  the  diameter  of  the  particles 
being  measured  by  PDT.  As  a  particle  traverses  either 
sheet,  laser  light  is  first  refracted  and  then  reflected  by  the 
particle,  resulting  in  a  set  of  double  pulses.  This  is  shown 
schematically  in  Figure  3.  The  temporal  separation  of 
either  the  two  refraction  pulses  or  the  two  reflection  pulses 
is  inversely  proportional  to  the  velocity,  U,  of  the  particle 
normal  to  the  two  sheets.  (This  time-of-flight  method  of 
measuring  velocity  was  chosen  because  it  can  be 
implemented  over  the  entire  size  range  measured  by  the 
instrument.  In  contrast,  laser  Doppler  velocimetry  will 
exhibit  a  significant  loss  of  visibility,  or  frequency 
modulation,  at  large  sizes,  making  it  unsuitable  for  this 
instrument.)  The  temporal  separation  of  the  refraction  and 
reflection  pulses  (each  of  the  same  wavelength)  is 
proportional  to  the  diameter,  d,  of  the  particle  once  the 
velocity  is  known. 

The  second  of  the  two  techniques,  the 
technique,  can  measure  particle  diameters  smaller  than 
PDT.  The  I,,.,  technique  requires  that  a  laser  beam  be 
elongated  in  one  dimension  to  form  a  sheet  where  the 
intensity  along  the  central  portion  of  the  sheet  is  essentially 
constant.  For  particles  smaller  than  the  width  of  the  laser 
sheet,  each  traverse  through  the  central  portion  of  the 
sheet  produces  a  angle  pulse  of  scattered  light  composed 
of  merged  refraction  and  reflection  pulses  whose  peak 
scattered  intensity  is  proportional  to  diameter  as  predicted 
by  Mie  scattering  theory.  As  with  PDT,  particle  velocity 
is  measured  from  the  time-of-flight  between  the  two  sheets. 


Figure  2.  Single  Receiver,  Dual  Wavelength  Configuration 


Figure  3.  Simulated  Refraction  and  Reflection  Pulses 
Measured  with  the  Single  Receiver,  Dual  Wavelength 
Configuration.  Particle  diameter  -  500  pm. 


Combining  the  PDT  and  the  1_,  techniques  allows 
particle  sizes  to  be  measured  adiich  are  both  smaller  and 
larger  than  die  laser  sheet  width.  In  fee  current 
instrument,  is  used  to  measure  diameters  from  2  to  45 
pm  and  PDT  is  used  for  diameters  of  30  pm  and  greater. 
This  provides  an  overlapping  region  from  30  to  45  pm  to 
calibrate  fee  photodetector  gains  fr>r  fee  1^^,  technique, 
correcting  for  fluctuations  in  probe  volume  intensity 
resulting  from  beam  obscuration  in  dense  sprays  or  a 
changing  laser-to-flber  coupling  efficiency. 


4.  DESCRIPTION  OF  THE  OPTICAL  PROBE 

A  photograph  of  fee  optical  probe  of  fee 
miniaturized  panicle  sizing  velocimeter  is  reproduced  in 
Figure  4.  The  probe  consisu  of  a  stainless  steel  L-shaped 
mounting  bracket  at  fee  base  of  fee  probe;  a  phen^ic 
thermal  insulator;  a  transmitter  arm  (feown  on  fee  left 
side)  and  a  receiver  arm  (diown  on  the  right  side);  and  an 
anodized  aluminum  diell  (fee  shell  has  been  removed  from 
fee  probe  in  Figure  4  to  provide  a  detailed  view  of  fee 
interior).  All  fiber  optic  and  electrical  feed-through  occurs 
at  fee  lower  left  side.  The  overall  dimensions  of  the 
assembled  probe,  including  the  mounting  bracket,  thermal 
insulator,  and  aluminum  shell,  are  14.9  cm  x  4.4  cm  x 
22.2 cm(Lx  WxH). 

The  inner  structure  of  fee  probe  consists  of  eight 
parallel  Invar  rods  (four  for  fee  transmitter  and  four  for 
the  receiver)  and  various  optical  and  fiber  optic  mounts 
and  supports.  With  the  exception  of  two  aluminum  light 
shields,  all  interior  parts  are  made  of  Invar. 
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Figure  4.  Optical  Probe  with  Aluminum  Shell  Removed 


Size  and  velocity  measurements  are  made  within  a 
probe  volume  midway  between  the  transmitter  and 
receiver  arms  and  approximately  2.2  cm  from  the  top  of 
the  probe.  The  probe  is  designed  to  be  completely 
immersed  within  the  flow  field  being  measured,  and  to 
fiice  the  oncoming  flow  (i-e.,  the  transmitter  and  receiver 
arms  must  point  into  the  flow)  so  that  particle-laden  air 
enters  the  probe  volume  at  the  top  of  the  probe  and  moves 
downward  as  oriented  in  Figure  4.  Ibe  flow  is  then 
divided  by  a  sharp  wedge  in  the  aluminum  shell  as  it 
moves  downward  l^yond  the  probe  volume  (i.e.,  tovrard 
the  mounting  bracket).  The  results  of  CFD  calculations 
(Modarress  and  Hoefl  (1993))  show  that  a  velocity  deficit 
of  less  than  2%  occurs  at  the  probe  volume  for  2  pm 
particles  (which  is  within  the  accuracy  requirements  of  the 
measurement)  >i^iile  the  velocity  deficit  is  iKgligible  for 
particles  greater  than  10  pm  in  diameter. 

When  operating  in  a  wet  environment,  the  interior 
of  the  probe  is  kept  dry  using  a  combination  of  a)  baffles 
and  purge  air  at  the  ^rtures  where  the  laser  beam  exits 
the  transmitter  arm  and  scattered  light  enters  the  receiver 
arm,  b)  o-ring  seals,  and  c)  by  imposing  a  ±  30** 
constraint  on  particle  trajectory. 

The  optical  layout  of  the  probe  is  shown 
schematically  in  Figure  S  with  each  numbered  part 
itemized  in  Table  1.  Items  1  through  8  comprise  the 
transmitter,  and  items  9  through  15  comprise  the  receiver. 


Table  1.  List  of  Probe  Optics  Referenced  in  Figure  5. 


Item  No. 
1 
2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 


Description 

Single-mode  fiber  with  FC  connector 
10  mm  f.l.  achromatic  lens 
44  mm  f.l.  achromatic  lens 
Mirror 

31  mm  f.l.  achromatic  lens 
(Quartz  dispersion  prism 
37  mm  f.l.  cylindrical  lens 
Elliptical  mirror 
Elliptical  mirror 
Photodiode 

60  mm  f.l.  achromatic  lens 
Elliptical  beamsplitter 
Mirror 

300  pm  optical  fiber 

Fiber  bundle  vrith  100  pm  op'ical  fiber 


4.1  The  Transmitter 

The  transmitter  optically  conditions  the  output  of 
the  single-mode  fiber  to  produce  two  parallel  laser  dieets 
at  wavelengths  of  0.4880  and  0.5 145  pm.  The  dieets  are 
fiicused  to  20  pm  waists  at  the  point  of  measurement 
centered  between  the  transmitter  and  receiver  arms  of  the 
probe.  To  accomplish  this  task,  the  multiwavelength  laser 
light  emerging  ftom  the  single-mode  fiber  is  passed 
through  a  teisscope  to  produce  a  collimated  beam  having  a 
1/e^  diameter  of  1.2  mm.  The  beam  is  then  directed  into  a 
quartz  prism  as  depicted  in  Figure  6.  The  refractive  index 
of  the  quartz  is  a  function  of  wavelength  and  splits  the 
multiwavelength  beam  into  individual  monochromatic 
beams  traveling  on  divergent  paths  through  the  quartz. 
(This  effect  is  greatly  exaggerated  in  Figure  6.)  Each 
monochromatic  beam  is  turned  at  a  slightly  different  angle 
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Figure  6.  Monochromatic  Beams  from  a  Prism 


up\.-  emerging  from  the  output  face  of  the  prism.  The 
angle  of  incidence  of  the  multiwavelenglh  beam  to  the 
input  face  of  the  prism  and  the  angle  of  the  input  face  of 
the  prism  to  the  geometrical  axis  of  the  transmitter  are 
carefully  chosen  so  that  the  bisector  of  the  0.4880  and 
0.S14S  pm  beams  emerging  from  the  prism  is  parallel  to 
the  geometrical  axis  of  the  transmitter. 

If  the  divergent  paths  of  the  0.4880  and  0.S14S  pm 
beams  emerging  from  the  prism  are  extrapolated  back  into 
the  prism,  they  ^ipear  to  originate  from  a  common  point  - 
a  virtual  origin.  Therefore,  a  37  mm  f.l.  cylindrical  lens 
is  located  one  focal  length  from  this  virtual  origin.  The 
0.4880  and  0.S14S  pm  beams  emerging  from  the  prism 
intercept  the  cylindrical  lens,  resulting  in  the  following: 

a)  the  two  beams  are  made  parallel  to  each  other  with 
a  separation  of  100  pm; 

b)  each  beam  is  focused  in  one  dimension  only  to  a 
sheet  waist  1.2  mm  high  by  20  pm  wide;  and 

c)  the  sheet  waists  are  located  one  focal  length  (37 
mm)  from  the  cylindrical  lens. 

The  parallel  sheets  emerging  from  the  cylindrical 
lens  are  then  reflected  by  a  mirror  and  directed  toward  the 
probe  volume.  The  mirror  is  placed  to  locate  the  waists  of 
the  sheets  mid-way  between  the  transmitter  and  receiver 
arms  and  2.2  cm  from  the  forward  end  of  the  probe. 

4.2  The  Receiver 

The  receiver  collects  light  scattered  by  particles 
traversing  the  probe  volume  and  focuses  this  light  onto  a 
fiber  bundle  or  two  individual  multi-mode  optical  libers 
(depending  on  the  size  range  chosen).  The  scattered  light 
is  then  transmitted  to  the  photodetector  assembly  located  in 
the  OEIM  where  only  the  0.4880  and  0.5 145  pm 
wavelengths  are  used. 


Scattered  light  is  first  reflected  by  a  turaiog  mirror 
placed  at  the  front  of  the  receiver  arm  and  is  then  collected 
and  collimated  by  a  60  mm  f.l.,  f/3  lens.  The  nominal 
collection  angle  is  30".  The  collimated  light,  now  directed 
toward  the  rear  of  the  probe,  is  focused  by  a  second  60 
mm  f.l.,  f/3  lens  onto  the  face  of  a  rectangular  2x8  mm 
fiber  bundle,  containing  a  l(X)  pm  multi-mode  fiber 
imbedded  at  its  center,  and  a  separate  300  pm  multi-mode 
fiber  adjacent  to  it  using  a  45°  beamsplitter.  The  pair  of 
60  mm  f.l.  lenses  results  in  a  1:1  image  of  the  probe 
volume  at  the  fru;e  of  the  frber  optics  irrespective  of  the 
size  range  chosen. 

llie  design  and  use  of  the  fiber  bundle  greatly 
simplifies  the  optical  design  of  the  receiver  and  allows  the 
measurement  of  particle  sizes  from  2  to  5(KX)  pm  without 
altering  the  optical  configuration  of  the  receiver.  The 
fiber  bundle  is  composed  of  thousands  of  50  pm  glass 
multi-mode  fibers  together  with  a  single  1(X}  pm  fused 
silica  multi-mode  fiber.  At  the  termination  within  the 
probe,  the  50  pm  glass  fibers  are  bundled  into  a  2  x  8  mm 
rectangular  aperture  with  the  100  pm  fused  silica  fiber 
positioned  at  the  geometrical  center  of  the  rectangular 
aperture.  At  the  other  end  of  the  bundle  (the  end  which 
feeds  light  to  the  photodetector  assembly  in  the  OEIM),  the 
50  pm  glass  fibers  and  the  100  pm  fused  silica  fiber  are 
bifurcated  from  each  other,  allowing  the  fiber  bundle  and 
the  1(X1  pm  fiber  to  be  mounted  separately  on  different 
PMTs  within  the  OEIM. 

The  fiber  bundle  is  mounted  within  the  optical 
probe  so  that  the  length  of  the  laser  sheets  imaged  onto  the 
bundle  is  parallel  to  the  8  mm  dimension  of  the  rectangular 
aperture,  and  the  height  of  the  laser  sheets  is  parallel  to  the 
2  mm  dimension.  Furthermore,  the  fiber  bundle  and  the 
3(X)  pm  fiber  adjacent  to  it  are  precisely  aligned  so  that  the 
image  of  the  probe  volume  seen  by  the  100  pm  fiber 
(centered  in  the  fiber  bundle)  is  exactly  centered  within  the 
image  of  the  probe  volume  seen  by  the  300  pm  fiber. 

When  measuring  particle  diameters  between  2  and 
1(X)  pm,  the  300  pm  fiber  acts  as  a  signal  aperture  and  the 
100  pm  fiber  acts  as  a  trigger  aperture  for  tnyectory 
validation.  Light  collected  by  the  fiber  bundle  is  not  used. 
As  explained  in  more  detail  in  Hess  and  Wood  (1994), 
only  scattering  events  with  a  tr^ectory  validatioo  fr.e., 
only  particle  trajectories  recorded  by  the  signal  fiber  and 
the  trigger  fiber)  are  processed.  This  ensures  ttiat  the 
particle  has  traversed  the  center  of  the  probe  volume.  A 
trajectory  through  the  edge  of  the  probe  volume  can  result 
in  scattered  pulses  which  are  both  a)  diminished  in 
intensity,  leading  to  size  errors  when  using  I,^,,  and  b) 
skewed  in  time,  leading  to  size  errors  when  using  PDT  and 
to  velocity  errors  when  using  either  1^^  or  PDT. 

When  measuring  particle  diameters  between  100 
and  50(X)  pm,  the  1(X)  and  300  pm  fibers  are  disconnected 
from  the  OEIM  and  the  light  they  collect  is  not  used. 
Instead,  only  the  fiber  bundle  is  connected  to  the 
photodetector  assembly  within  the  OEIM.  (This  is  the  only 
change  made  to  the  instrument.)  In  this  large  particle 
configuration,  the  receiver  is  now  imaging  a  2  x  8  mm 
area  centered  on  the  sheet  waists  at  the  front  of  the  probe. 
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Unlike  the  small  particle  configuration  described 
earlier,  the  use  of  the  fiber  bundle  when  measuring  particle 
diameters  between  100  and  5000  pm  does  not  require  a 
trigger  aperture  for  trajectory  validation.  Although  a 
traverse  through  the  edge  of  the  probe  volume  can  still 
result  in  a  decrease  in  intensity  and  a  shift  in  the  arrival 
time  of  a  scattered  pulse,  these  phenomena  do  not  result  in 
significant  size  and  velocity  errors.  First,  a  decrease  in 
intensity  resulting  from  a  particle  grazing  the  edge  of  the 
field  of  view  is  inconsequential  for  a  measurement  of  size 
with  PDT,  which  derives  size  from  the  time  between 
pulses.  Also,  at  the  low  end  of  the  size  range,  the  field  of 
view  (2x8  mm)  is  many  times  larger  than  particle 
diameter.  Therefore,  random  traverses  of  the  probe 
volume  will  result  in  a  very  small  fraction  of  particles 
traversing  the  edges,  minimizing  the  number  of  pulses  with 
shifted  arrival  times  and  the  resulting  errors  in  velocity. 
Third,  for  particles  near  the  high  end  of  the  size  range,  the 
sheet  separation  (100  pm)  is  many  times  smaller  than 
particle  diameter,  and  a  traverse  of  the  edge  of  the  probe 
volume  will  result  in  an  equal  amount  of  shift  in  the  pulse 
arrival  time  from  each  sheet,  minimizing  or  eliminating 
any  error  in  measured  velocity. 

5.  ANALYSIS  OF  SCATTERED  PULSES 

Critical  to  the  success  of  the  instrument  was  the 
development  of  robust  and  accurate  algorithms  to  sort  and 
identify  all  reflection  and  refraction  pulses  to  minimize 
potential  errors  and  data  loss.  This  section  will  describe 
the  flow  of  data  received  in  a  typical  1,„.^/PDT  experiment 
and  will  discuss  how  the  instrument  hardware  and  software 
process  these  data  to  arrive  at  accurate  results. 

Data  collected  with  the  miniaturized  particle  sizing 
velocimeter  consists  of  two  channels  of  digitized  light 
pulses  (one  channel  each  for  the  0.4880  and  0.5145  pm 
wavelengths)  containing  size,  velocity,  and  arrival  time 
information  for  each  particle  traversing  the  probe  volume. 
The  pulses  vary  in  number,  intensity,  and  temporal  spacing 
depending  on  the  size  and  velocity  of  the  particle.  In 
addition,  pulse  intensity  is  a  function  of  particle  trajectory 
through  the  probe  volume  in  the  large  particle 
configuration  where  PDT  is  used  exclusively.  As  a  result, 
each  sheet  traverse  may  generate  one  pulse  to  be  analyzed 
by  an  1^,  algorithm,  two  pulses  to  be  analyzed  by  both 
and  PDT  algorithms,  or  tvro  pulses  to  be  analyzed  by 
a  PDT  algorithm  only,  depending  on  the  size  of  the 
particle.  Because  each  particle  must  traverse  two  sheets  to 
calculate  velocity,  one  or  two  pulses  are  generated  at  each 
of  two  wavelengths  for  a  total  of  two  or  four  pulses  per 
valid  traverse.  Furthermore,  the  reflection  pulse  generated 
by  a  particle  larger  than  the  sheet  width  is  usually  much 
less  intense  than  the  corresponding  refraction  pulse  and 
must  not  be  mistaken  for  the  merged  reflection  and 
refraction  pulses  of  a  particle  smaller  than  the  sheet  width. 
In  addition,  trajectory  effects  may  eliminate  one  or  both 
pulses  from  one  or  both  sheet  traverses  requiring  care  in 
the  pairing  of  pulses  for  analysis.  Lastly,  although  not  a 


concern  in  the  present  instrument,  a  particle  entering  the 
probe  volume  from  one  side  will  generate  a  refraction  and 
reflection  pulse  detected  in  a  specific  order  adth  one 
wavelength  pair  initiated  before  the  other,  but  a  traverse 
from  the  opposite  side  will  result  in  both  the  pulse  order 
and  the  wavelength  order  being  reversed. 

As  depicted  schematicsdly  in  Figure  7,  the  particle 
sizing  velocimeter  uses  two  identical  digital  signal 
processors,  designated  DSPj^l  and  DSP;^,  in  a 
master/slave  configuration.  These  processors  are  used 
with  either  two  or  three  PMTs  (designated  PMT;^l, 
PMT;q,  and  PMTjy)  to  collect  and  process  the  pulses 
described  above.  The  specific  hardware  configuration  and 
the  specific  algorithms  employed  depend  on  the  size  range 
being  measured. 

5.1  The  Small  Particle  Configuration 

In  the  small  particle  configuration,  scattered  light  is 
collected  by  the  300  pm  signal  fiber  and  is  sepauated  by 
wavelength  within  the  photodetector  assembly.  Pulses  of 
wavelength  X.|  =  0.5145  pm  are  detected  by  PMT;^]  and 
digitized  by  I^Pxi  (channel  1).  Pulses  of  wavelength 
=  0.4880  pm  are  detected  by  PMTx2  tuxi  digitized  by 
DSPx2  (channel  2).  The  clocking  circuitry  on  the  master 
board  (DSP^j)  controls  signal  digitization  on  both  boards. 
Using  an  OR  gate  on  DSP^j,  both  digitizers  are  turned  on 
or  off  simultaneously  when  the  trigger  iiq>ut  on  either 
board  crosses  a  preset  direshold  voltage.  This  allows  the 
timing  of  events  recorded  by  either  processor  to  be 
correlated  with  the  other  to  vrithin  ±0.1  psec.  Digitization 
ends  after  a  preset  time  interval,  called  a  time-out, 
following  the  return  of  the  signal  intensity  below  the 
threshold  voltage.  This  contiguous  sequence  of  digital 
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Figure  7.  Hardware  Configuration  for  Data  Processing 
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intensity  values,  bounded  in  time  by  Ae  initial  upward 
threshold  crossing  and  the  end  of  the  time-out,  is  called  a 
record  and  is  stored  in  on-board  memmy  along  with  its 
respective  start  time.  Both  processors  ase  quiet  (i.e.,  no 
signal  digitization  occurs)  between  the  and  of  a  time-out 
and  the  next  threshold  crossing. 

Trajectory  validation  (i.e.,  validation  that  a  particle 
has  crossed  the  central,  constant  intenaly  portion  of  the 
probe  volume)  is  achieved  by  tagging  the  start  time  of  each 
valid  record  with  specific  information.  The  100  pm 
trigger  fiber  (imaging  the  central  poilioa  of  the  probe 
volume)  receives  scattered  light  of  bo*  wavelengths  X| 
and  X2.  This  light  is  delivered  to  PMTfy  as  depicted  in 
Figure  7.  The  output  signal  from  PMTjv>  *fter 
amplification  by  a  preamplifier,  is  Aen  pas^  to  a 
trajectory  validation  threshold  circuit.  If  the  threshold  is 
exceeded  at  any  time  during  the  creation  of  a  data  record, 
the  output  of  the  circuit  goes  high  and  generates  an 
interrupt  which  sets  the  most  significant  bit  of  the  arrival 
time  to  1 ,  tagging  the  record  as  valid. 

When  the  allocated  memory  onboard  either 
processor  is  full,  data  collection  stops  and  the  memory 
contents  of  DSP;^I  and  DSP^  are  amJyzed.  During 
analysis,  each  record  is  scanned  from  beginning  to  end  for 
intensity  maxima.  A  record  may  contsm  one  pulse  if  the 
particle  was  sufficiently  small  Q-c-i  ^  refiraction  and 
reflection  pulses  are  merged)  or  the  particle  was  large  and 
traveling  at  a  slow  velocity  (i.e.,  the  time  out  ended  before 
the  second  pulse  occurred,  putting  the  mcond  pulse  in  the 
following  record),  or  it  may  contain  two  pulses.  In  either 
case,  a  software  table  is  constructed  uidcb  contains  for 
each  pulse  a)  the  peak  intensity,  b)  the  lime  of  arrival  of 
the  pulse  centroid  (i.e.,  the  time  at  wbich  half  of  the 
integrated  pulse  intensity  has  occurred),  and  c)  a  flag 
indicating  whether  or  not  the  original  record  was  tagged 
for  trajectory  validation. 

The  next  step  is  to  correctly  pair  Ae  pulses  in  both 
channels.  First,  data  for  the  first  pulm  in  chaimel  1  is 
retrieved  from  the  channel  1  software  table.  Then  data  for 
the  first  pulse  in  channel  2  with  a  time  greater  than  the 
channel  1  pulse  is  retrieved  from  the  channel  2  software 
table.  This  will  result  in  one  of  three  casm: 

a)  Neither  pulse  is  tagged  -  In  this  case,  the  pulse 
information  from  channel  1  is  discarded,  data  for 
the  next  channel  1  pulse  is  re^eved  from  the 
software  table,  and  the  analysis  stmts  anew. 

b)  Only  one  of  the  pulses  is  tagged  -  In  this  case,  the 
intensity  of  the  single  tagged  pulse  is  compared  with 
benchmark  intensities  to  determine  whether  a 
second  pulse  should  be  retrieved  from  each  channel 
to  perform  a  PDT  size  calculation  ciAer  alone  or  in 
addition  to  an  I^^  size  calcublion.  (An  I^^ 
calculation  alone  is  not  meaningfid  since  both  pulses 
must  be  tagged  to  determine  an  accurate  velocity.) 

c)  Both  pulses  are  tagged  -  In  this  case,  the  average 
intensity  of  the  two  tagged  pulses  is  compared  with 
benchmark  intensities  to  determine  whether  a)  the 
pulse  pair  can  be  analyzed  by  an  I^^  algorithm 
only,  or  b)  a  second  pulse  should  be  retrieved  from 


each  channel  to  perform  a  PDT  size  calculation 
either  alone  or  in  addition  to  an  1,^  size 
calculation. 

Analysis  bv  Imax  alone.  Both  pulses  must  be 
tagged  and  the  pulse  intensities  must  be  sufficiently  small 
to  warrant  aiudysis  by  I^,  alone.  The  velocity  is 
determined  from  the  tempor^  separation  of  the  pulses  (one 
from  each  channel),  and  the  particle  diameter  is 
determined  from  the  average  of  the  absolute  intensities  of 
the  pulses. 

Analysis  by  PDT  alone.  If  the  intensity  in  question 
is  sufficiently  large  to  warrant  analysis  by  PDT  alone,  data 
for  the  next  pulse  in  both  channels  1  and  2  are  retrieved 
from  the  software  tables.  Data  for  the  four  pulses  (two 
from  channel  1  and  two  from  channel  2)  are  considered  to 
accurately  represent  a  valid  particle  traverse  if  all  of  the 
following  criteria  are  met: 

a)  Three  of  the  four  pulses  are  tagged.  (Three  pulses 
are  sufficient  to  determine  size  and  velocity  using 
PDT.) 

b)  The  temporal  spacing  between  the  first  pulses  in 
each  channel  must  be  equal  to  the  temporal  spacing 
between  the  second  pulses  in  each  channel  to  within 
a  sufficiently  small  interval,  chosen  by  Ae  operator. 
This  is  a  check  for  equivalent  velocity.  If  Ae  time 
separation  between  Ae  appropriate  pulses  is  not 
equal,  Aen  Ae  velocities  are  not  equal. 

c)  The  average  velocity,  calculated  from  step  b,  must 
be  less  Aan  Ae  velocity  maximum  set  by  Ae 
instrument  operator. 

d)  The  average  particle  diameter,  calculated  from  Ae 
temporal  q>acing  of  Ae  refiraction  and  reflection 
pulses  in  channels  1  and  2,  must  be  smaller  Aan  Ae 
diameter  maximum  set  by  Ae  operator. 

If  any  one  of  Ae  above  criteria  are  not  met,  data  for 
Ae  first  pulse  just  analyzed  in  channel  1  is  discarded,  Ae 
second  pulse  just  analyzed  in  channel  1  takes  its  place,  and 
Ae  analysis  starts  anew. 

If  all  criteria  are  met,  Ae  scattering  event  is  valid 
and  Ae  diameter  and  velocity  are  stored.  Data  for  Ae  next 
unanalyzed  pulse  in  channel  1  is  retrieved  from  Ae 
software  table,  data  for  Ae  first  pulse  in  channel  2  wiA  a 
time  greater  Aan  Ae  new  channel  1  pulse  is  retrieved  from 
Ae  channel  2  software  table,  and  Ae  analysis  starts  anew. 

Analysis  bv  boA  PDT  and  Imax.  If  Ae  intensity  in 
question  is  of  Ae  appropriate  magnitude  to  warrant 
analysis  by  boA  PDT  and  Ae  data  is  first  analyzed 
by  Ae  PDT  algoriAm  described  above  to  calculate  velocity 
and  diameter,  dp^j-.  The  diameter  is  Aen  calculated  a 
second  time  from  Ae  absolute  intensity  Q.e.,  using  Ae 
I,^,  algoriAm)  to  determine  d|^^.  A  calibration  factor, 
equ^  to  dpiyj.  /  dj^,,  is  calculated  and  stored  along  wiA 
Ae  velocity  and  diameter  information. 

At  Ae  conclusion  of  an  experiment,  all  of  Ae 
individual  calibration  factors  are  averaged  to  achieve  a 
single  global  calibration  factor.  All  only*  diameter 
results  are  Aen  multiplied  by  Ae  global  Vibration  factor 
and  displayed  wiA  Ae  remaining  results.  The 
implementation  of  Ae  global  calibration  fimtor  can  be 
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turned  off  at  the  discretion  of  the  operator.  In  addition, 
the  operator  is  provided  with  the  standard  deviation  of  all 
correction  factors  and  the  fraction  of  all  particles  with  a 
calculated  diameter  in  the  PDT/Ig^,  overlap  region. 

5.2  The  Large  Particle  Configuration 

In  the  large  particle  configuration,  scattered  light  is 
collected  by  the  fiber  bundle.  The  detection  and 
digitization  of  incoming  signals  is  the  same  as  performed 
for  the  small  particle  configuration  described  in  Section 
5.1  with  one  exception:  Because  trajectory  validation  is 
unnecessary,  the  third  PMT  used  in  the  small  particle 
configuration  (PMT-py)  is  not  used  here.  Therefore,  all 
pulses  detected  in  the  large  particle  configuration  lack  a 
trsyectory  validation  tag. 

Data  processing  in  the  large  particle  configuration  is 
performed  as  in  die  small  particle  configuration  with  only 
several  exceptions.  First,  PDT  is  used  exclusively 
because  a)  the  refraction  and  reflection  pulses  are  fully 
resolved  in  this  size  range  and  b)  the  large  field  of  view 
relative  to  the  dimensions  of  the  laser  sheets  results  in 
pulse  intensities  which  are  trsyectory  dependent,  precluding 
the  use  of  1^,.  Second,  the  time-out  period  at  the  end  of 
a  scattering  event  is  relatively  short  to  ensure  that  there  is 
only  one  pulse  per  record. 

Because  particle  diameter  in  this  size  range  can  be 
large  relative  to  the  sheet  width,  the  refraction  and 
reflection  pulses  can  be  of  relatively  long  duration.  In  this 
case,  the  exact  time  of  maximum  pulse  intensity  may  not 
correspond  to  the  temporal  center  of  the  pulse.  To 
minimize  errors  in  determining  arrival  times  for  broad 
pulses,  pulse  intensity  is  integrated  over  the  entire  duration 
of  the  pulse  to  calculate  the  temporal  location,  or  arrival 
time,  of  the  pulse  centroid.  (The  arrival  time  of  the  pulse 
centroid  is  used  when  calculating  size  and  velocity  with 
PDT  in  both  the  large  and  small  particle  configurations.) 
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ABSTRACT 

An  instnunent  based  on  an  imaging  technique  and  laser 
Doppler  velocimeiry  (LDV)  was  developed  for  sizing  particles 
of  arbitrary  shape.  The  signal  of  a  particle  was  detected  by  a  32 
channel  linear  diode  array  focused  on  the  measuring  volume, 
and  the  image  was  reconstructed  from  'sliced'  images  of  the 
particle  provided  by  temporal  outputs  from  the  detector.  'The 
present  instrument,  which  consists  of  a  multi-channel  transient 
recorder  and  independent  LDV  processor,  was  used  to  measure 
size,  velocity,  shape  and  trajectory  information  of  particles 
ranging  from  30  to  2S0  |un  with  velocity  up  to  10.0  m/s:  the 
size  of  a  particle  was  obtained  from  the  area  of  the  shadow 
image  and  the  trajectory  was  inferred  by  cross-correlation 
between  two  images  projected  by  two  incident  beams  of  the 
conventional  LDV.  The  accuracy  of  the  average  size  for  spheres 
was  less  than  3.0  %  compared  with  that  measured  by  a 
microscope.  The  size  distribution  of  non-spherical  particles 
showed  similar  shape  with  microscopic  measurement,  and 
maximum  error  of  average  diameter  was  10  %  approximately. 

1.  INTRODUCTION 

The  sizing  of  arbitrary  shaped  particles  is  of  technical 
interest  and  accurate  detennination  of  their  equivalent  diameter 
is  important,  because  many  particles  in  industrial  processes  are 
non-spherical.  For  sizing  spheres,  many  laser-based  techniques, 
such  as  the  phase  Doppler  anemometer  [e.g.  Domnick  et  al., 
1993,  Kobashi  et  al.,  1992]  and  an  imaging  based  system 
[Hovenac  et  al.,  1985],  have  been  developed.  Although  these 
instruments  are  accurate  and  robust,  they  can  not  be  used  for 
sizing  non-spherical  particles  since  the  methods  rely  on  the  light 
scattering  from  a  sphere.  The  diffraction  amplitude  method 
(Orfanoudakis  &  Taylor,  1993,  Morikita  et  al.,  1993]  or  the 
other  methods  based  on  light  scattering  [e.g.  Bottlinger  and 
Umhauer,  1988]  are  suitable  instruments  for  this  purpose, 
however  extreme  care  has  to  be  taken  to  align  the  optical  probe 
to  avoid  uncertainty  caused  by  the  non-uniform  inadiance 
distribution  of  the  incident  laser  beam.  A  recent  method 
proposed  by  Kaye  et  al.  [1991]  resulted  in  higher  accuracy  than 
the  single  detector  system,  however  it  requires  large  optical 
benches  surrounding  the  test  volume. 

Imaging  based  techniques  [Knollenberg,  1970  and 
1976,  BertoUini  et  al.,  1985]  have  an  advantage  for  sizing  non- 
spherical  particles  because  two-dimensional  images  can 
eliminate  problems  arising  from  the  non-sphericity  of  particles. 
The  Shadow  Doppler  technique,  which  is  an  instrument  for 
sizing  irregularly  shaped  particles  developed  by  the  authors 
(Hardalupas  et  al.,  1993],  is  based  on  the  imaging  method,  in 
this  instrument,  the  images  were  projected  by  a  pair  of  beams  of 


a  conventional  LDV,  and  the  prototype  system  has  been 
evaluated  and  shown  to  provide  an  accuracy  of  sizing  to  10  pm. 
The  primary  advantage  of  the  method  is  that  less  care  in 
alignment  is  necessary  compared  with  intensity  based  methods 
and  can  provide  velocity  and  size  information  at  relatively  lower 
cost  than  a  high  speed  camera  system. 

The  purpose  of  this  study  is  the  evaluation  of  accuracy 
of  the  instrument  by  measuring  tbe  area-equivalent  diameter  and 
velocity  of  arbitrary  shaped  particles  in  free-falling  and 
accelerating  flows.  The  signal  processing  which  provides 
velocity,  size,  shape  and  trajectory  of  the  particle  is  also 
introdu^  and  assessed.  In  the  following  section,  the  instrument 
and  method  are  described,  -ind  experimental  results  of  sizing  can 
be  found  in  section  3.  Section  4  presents  a  method  to  determine 
the  size  distribution  which  eliminates  the  biasing  effect  caused 
by  size-dependence  of  tbe  effective  area  of  the  measuring 
volume...  .  . 

X  OPTICAL  SETUP  AND  SIGNAL  PROCESSOR 
2.1  Principle  of  Shadow  Doppler  method 

Tbe  optical  arrangement,  which  includes  the 
transmitting  and  receiving  modules  of  a  conventional  LDV 
system,  is  illustrated  in  Figure  1.  A  laser  beam  of  5I4J  nm 
wavelength  (green),  radiated  by  an  Argon-ion  laser  (NEC. 
GLG-3262),  was  used  as  light  source  and  formed  a  measuring 
volume  with  an  intersection  angle  of  4.936  degrees.  The 
transmitting  optics  consists  of  beam  expander,  beam-splitter,  a 
pair  of  acousto-optic  modulator  (AOM)  cells  and  focusing  lens. 
A  pair  of  cylindrical  lenses  were  used  to  form  tbe  incident  beam 
in  an  elliptical  cross-section  to  increase  the  effective  energy 


Figure  1  Principle  of  tbe  method  and  arrangement  of 
receiving  optics.  The  direction  of  the  particle  motion  was 
perpendicular  to  the  axis  of  tbe  photodiode  array 
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density  in  the  area  detected  by  the  linear  diodes.  The  measured 
diameters  of  the  ellipse  were  approximately  SOO  and  250  pm 
with  the  major  axis  coinciding  with  the  axis  of  the  linear  diodes. 
Frequency  shift  of  50  to  500  kHz  was  provided  by  the  AOM 
component  to  avoid  fluctuation  of  the  sizing  signals:  when  the 
frequency  shift  is  too  low  compared  with  the  sampling  rate  of 
the  transient  recorder,  interfered  fringes  in  the  measuring 
volume  derive  large  fluctuation  in  the  sizing  signals. 

Two  independent  receiving  probes  for  size  and 
velocity  measurement  were  used,  as  shown  in  Figure  1,  for  ease 
of  alignment.  The  image  of  a  particle  in  the  measuring  volume 
was  focused  on  the  array  detector  hy  relay  lenses,  with  a 
magnification  ratio  between  75  and  120,  and  the  Doppler  signal 
from  the  same  scatterer  was  detected,  via  focusing  lenses  and  a 
spatial  filter  (pinhole),  by  an  avalanche  photo  diode  (RCA, 
C30902E).  The  sampling  space  of  the  APD  was  aligned  to  have 
larger  area  than  that  for  the  sizing. 

Signal  detection  of  the  particle  size  and  shape  was 
achieved  by  a  35  channel  linear  diode  (Hamamatsu  S4 114-35) 
which  is  focused  on  the  measuring  volume.  As  a  particle  passed 
through  the  volume,  the  magnified  shadow  image  moved  across 
the  detector  in  the  direction  of  particle  motion;  thus  the  output 
amplitudes  of  the  detector  varied,  as  shown  in  figure  2(a). 
Taking  into  account  the  velocity  measured  by  the  single  photo 
diode  for  LDV,  a  two  dimensional  image  of  the  particle  was 
reconstructed  firom  the  time-series  output  of  the  detector. 

Since  the  shadow  images  are  from  both  of  the  two 
beams,  the  appearance  of  the  images  depend  on  the  trajectory  of 
the  particle.  Figure  2  (a),  (h)  and  (c)  show  various  patterns  of 
projected  shadows  on  the  detector  plane  by  a  particle  without 
and  with  'defocus',  i.e.  the  distance  between  the  particle  and  the 
focal  plane  of  the  measuring  volume.  When  the  particle 
trajectory  was  in  the  focal  plane  of  the  relay  lenses,  the  shadow 
images  projected  by  the  two  beams  coincided  precisely  and  the 
output  signals  bad  two  levels  of  amplitude,  as  shown  in  figure 
3(a);  the  marking  a-a'  denotes  the  line  in  figure  2  and  the  plateau 
at  the  lower  voltage  level  corresponds  to  the  central  dark  part  of 
the  particle  image.  Those  two  images  separate  gradually  with 
increasing  defocus  distance  and  the  signals  became  tri-sute 
(figure  3  (b))  because  the  iiradiance  of  the  region  which  lies  in 
the  shadow  of  the  particle  illuminated  by  only  one  beam  is  half 
as  much  as  that  of  the  region  illuminated  by  both,  unblocked 
beams.  If  the  particle  is  out  of  the  measuring  volume,  the 
overlapping  area  and  the  dark  shadow  disappear. 

In  all  the  cases  described  above,  the  equivalent  size,  dg, 
based  on  the  average  area  of  the  projected  shadow  is  defmed  by 
figure  2(b)  and  the  following  equation: 


The  sizing  accuracy  of  the  presented  method,  therefore, 
relies  on  the  quality  of  the  image  and  the  size  of  the  projected 
shadow  is  affected  by  large  defocus  distance  because  the  image 
becomes  less  sharp.  However,  the  error  caused  by  defocus  is 
.>mall  in  the  vicinity  of  the  focal  plane  and  the  quality  of  the 
image  can  be  kept  almost  as  good  as  that  of  in-focus 
[Hardalupas  et  al,  1993].  Thus,  suitable  signal  triggering  and 


data  rejection  are  necessary  in  order  to  avoid  erroneous  size 
information.  For  this  purpose,  the  trigger  level  was  set  at  a 
normalized  amplitude  level  between  0.2  and  0.3  so  as  to  avoid 


capturing  particles  with  large  defocus  (figure  2(c)).  Also,  an 
effective  data  validation  scheme  is  described  in  section  2.3. 


In  contrast,  when  a  particle  was  in  the  path  of  the  laser 
beam  but  outside  of  the  measuring  volume,  it  was  not  triggered. 


Figure  2  Shadow  images  of  a  particle  focused  on  the 
photodiode  array  and  trajectory  dependence  on  their 
appearance.  A)  in-focus,  B  and  C)  out-of-focus. 


Time 


Figure  3  Idealized  output  signals  from  the  photodiode 
array  with  trajectories  defmed  in  figure  2. 

because  relatively  short  depth  field  of  the  relay  lenses  makes 
such  signals  untriggerable. 

The  novel  features  of  the  method  are  summarized  as 
follows:  the  signal  level  is  independent  of  size,  material  and 
refractive  index  of  the  particle,  because  the  amplitude  is 
determined  by  the  presence  of  a  shadow;  hence,  no  biasing  due 
to  size  dependence  of  the  signal  amplitude  arises,  and 
transparent  media,  such  as  water  or  glass,  can  be  measured 
without  changing  optical  configurations.  The  instrument  can 
provide  not  only  the  size  but  also  the  trajectory  of  the  particle  by 
estimation  of  defocus  distance.  In  addition,  the  required 
dynamic  range  of  the  detector  is  small  and  low  intensity 
resolution  is  acceptable,  relatively  to  intensity-based  methods. 

2.2  Signal  processor 

For  the  data  acquisition  of  the  output  signals  from  the 
array  diodes  with  appropriately  high  sampling  rate,  a  computer- 
controlled  transient-recorder  system  was  employed.  Figure  4 
illustrates  a  block  diagram  of  the  processor.  The  system  consists 
of  a  head  module  including  the  diode  array  and  multi-channel 
transient  recorder  for  sizing,  and  an  APD  module  and  single 
channel  recorder  for  velocity  measurement.  All  the  operating 
procedures  were  controlled  by  a  personal  computer  (IBM  486- 
33  compatible). 
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Figure  4  Signal  processor  including  two  head-units  of  the 
detectors  for  sizing  and  velocimeter. 


The  linear  array  detector  had  3S  diode  segments  and  32 
of  them  were  used  as  active  chaimels  to  simplify  the  design  of 
the  transient  recorder.  Each  diode  had  a  0.9  mm  width  z  4.4  mm 
height  and  a  slit  aperture  with  1  mm  height  was  fitted  on  the 
detector  to  increase  the  spatial  resolution;  thus  each  diode  had  1 
X  1  mm  active  size,  which  corresponds  to  10  x  10  pm  of  the 
measuring  volume  given  the  magniflcation  ratio,  G,  of  100  of 
the  collection  optics. 

The  multi-channel  lecorder  comprised  a  master  and 
three  slave  boards.  Signals  detected  by  the  array  diodes  were 
transferred  to  the  recorder  through  buffer  amplifiers  and 
distributed  to  8  analog  multiplexers  (Analog  Devices  AD93(X)) 
which  each  bad  four  inputs  and  one  output.  Two  multiplexers  on 
one  board  were  connected  to  one  A/D  converter  (Fujitsu 
MB40S68)  of  8  bit  resolution  and  the  converted  results  were 
stored  in  static  RAM  with  32  ItByte  on  each  board.  The 
maximum  conversion  rate  was  8  MHz  from  the  system  clock, 
which  corresponded  to  1  MHz  total  sampling  rate.  For  more 


detailed  information  of  the  hardware,  see  Hardalupas  et  al. 
( 1993)  and  Kobasbi  et  al.  ( 1992). 

The  trigger  level  was  set  at  around  20  %  of  the 
normalized  amplitude,  as  mentioned  in  the  previous  subsection; 
therefore,  particles  with  defocus  required  a  pre-triggering 
function  (Kobasbi  et  al.,  1992]  to  obtain  the  whole  signal 
corresponding  to  the  leading  negative-edge  (figure  3(b)).  In 
order  to  accompUsh  that,  the  address  generator  on  the  master 
board  was  designed  to  be  able  to  control  the  address  pointer 
flexibly. 

For  velocity  measurement,  a  single  channel  recorder 
with  128  kByte  storage  memory  was  also  provided.  The  clock 
of  this  board  was  synchronized  with  system  clock  of  the  multi¬ 
channel  recorder  with  a  sampling  frequency  up  to  20  MHz.  No 
trigger  circuitry  was  incorporated  on  the  board  because  the 
function  was  operated  by  the  master  board. 

Stored  signals  were  transferred  to  the  host  computer 
through  an  interface  module  connected  on  the  ISA-bus  and 
processed.  The  data  processing  and  validation  functions  are 
described  in  the  next  subsection. 

2J  Software  processing 

The  digitized  data,  which  were  stored  in  static  RAM. 
were  transferred  to  the  host  computer  and  processed  to  construct 
a  'pseudo-image'  of  the  particle.  In  this  subsection,  the 
procedure  to  infer  velocity,  area-based  size,  defocus  distance 
and  trajectory  direction  is  described. 

a.  Velocity  calculatloD 

First  of  all,  the  Doppler  burst  signal  detected  by  the 
APD  was  analyzed  to  obtain  velocity  information  from  a  fast 
Fourier  transform  (FFT)  using  an  adjusted  Gaussian 
interpolation  [Kobasbi  et  al.  1990]  scheme  in  frequency  space. 
The  applied  validation  routine  was  described  in  Kobasbi  et  al. 
and  the  maximum  error  was  estimated  at  0.2%  of  the 
fundamental  frequency  of  the  spectrum.  If  the  triggered  signal 
was  recognized  as  erroneous,  it  was  rejected  and  another 
iteration  of  sampling  was  started. 

b.  NormallzatioD 

The  peak  amplitude  of  the  signals  firom  the  diode  array 
varies  along  the  detector  due  to  the  Gaussian  intensity 
distribution  of  the  incident  laser.  Hence,  amplitude 
normalization  was  required  to  adopt  fixed  level  thresholding  for 
all  diodes.  Since  the  amplitude  was  dependent  on  the  presence 
or  the  absence  of  the  particle  image,  the  minimum  level  was 
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Figure  .■>  Pr(K;cdurc  of  the  reamstruction  of  a  'pseudo-image',  validation  of  the  signal  and 
determination  of  the  dcfocus  distance 


equal  to  the  ground  level  and  the  maximum  level  was  equal  to 
the  aofiplitude  of  the  incident  laser  illununalion  in  the  absence  of 
particles.  The  normalized  amplitude  of  diode  channel  i  at  time  i. 
rnonn(‘-‘)-  was,  hence,  defined  by  the  following  equation, 
ijiJ)  -  I’minO)  - 

where  r^ax(i)  r„i„(i)  are  the  maximum  and  minimum 
amplitudes  of  each  channel.  Figure  S  shows  an  example  of  the 
normalized  signal. 

c.  Temporal  Windowing 

To  construct  a  two-dimensional  pseudo-image  of  a 
particle,  time  averaging  of  the  temporal  signals  was  necessary  to 
convert  these  to  a  pixel  image.  The  distance  over  which  a 
particle,  with  velocity  U  [m/s],  moved  within  one  sampling 
period  of  the  recorder,  1//  [s],  was  equal  to  Ulf,  and  the  pitch 
^stance  between  each  detector  of  the  array  was  1.0  mm,  which 
corresponded  to  lO'^/G  [m]  in  the  measuring  volume  of  the 
LDV.  Thus,  the  number  of  the  samples  which  corresponds  to  the 
cbatmel  pitch  of  the  detector,  N,  is 

..  10-3 


Consequently,  sampled  signals  must  be  averaged  over  batches 
of  N  samples.  In  the  present  instrument,  this  was  implemented 
using  N  integer  where  Af22.0,  and  linear  interpolation  was 
applied  where  N<2.0.  However,  it  should  be  noted  that  a  test 
showed  that  the  effect  of  this  averaging  resulted  in  negligibly 
small  error  compared  with  that  caused  by  other  factors. 

d.  Thresholding 

In  order  to  determine  the  boundary  of  the  particle, 
thresholding  with  two  fixed  levels  were  adopted.  Figure  5  shows 
the  example  of  a  tri-state  image.  The  threshold  levels  were 
empirically  set  at  normalized  amplitudes  of  0.4  and  0.7S  as 
recommended  in  our  previous  work.  The  projected  area  was 
evaluated  by  a  'painting'  routine  to  remove  the  shadow  image  of 
any  other  particles  existing  in  the  measuring  volume  at  the  same 
time.  The  resultant  area  was  substituted  into  equation  1  to 
calculate  equivalent  diameter. 

e.  Separation  of  Image  and  Cross-correlation 

There  are  mainly  three  purposes  in  this  process:  first,  to 
determine  the  defocus  distance  of  the  particle;  second,  to 
estimate  trajectory  direction;  third,  to  eliminate  'multiple 
scattering'  which  can  cause  serious  error  in  sizing.  Tri-state 
image  was  separated  by  pattern  recognition  routine  into  two 
binary  images,  which  correspond  to  shadows  from  each  of  the 
two  incident  beams.  These  separated  images  were  used  for 
calculation  of  cross-correlation  to  determine  the  displacement 
(lag)  between  two  images.  As  shown  in  figure  2  and  6,  the 
vertical  component  of  the  displacement,  D,  is  proportional  to  the 
defocus  distance.  Thus,  the  defocus  distance,  can  be 

obtained  by. 

2  tan(e) 

where  0  is  the  beam  intersection  half  angle.  When  the  defocus 
distance  is  comparable  to,  or  larger  than,  the  focal  depth  of  the 
receiving  optics,  quality  of  the  image  becomes  poor.  To 
eliminate  this  effect,  the  defocus  was  limited  at  between  300  to 
800  pm. 

Similarly,  the  horizontal  displacement  is  proportional  to 
the  particle  movement  in  horizontal  direction  D/,;  hence,  the 
trajectory  direction,  (p,  of  the  particle  can  be  described  by  the 
following  equation. 


This  equation  allows  us  to  acquire  an  'approximate'  two 
dimensional  velocity  measurement  by  use  of  a  single  channel 
LDV,  although  the  accuracy  decreases  with  decreasing  defocus 
distance.  This  angle  was  also  used  for  determination  of  the 
correct  size  distribution  described  in  section  4. 

When  the  two  binary  images  have  the  same  shape  and 
area,  the  number  of  the  correlated  pixels  agrees  with  the  area  of 
the  projected  shadows;  therefore,  the  maximum  value  of  the 
correlation  function  directly  quantified  the  correspondence 
between  two  images  and  was  used  in  the  validation  of  the  image 
of  multiple  scattering.  The  tolerance  of  the  correspondence  was 
set  at  around  30%  which  was  decided  empirically.  This 
function,  for  binary  data,  was  performed  with  logical,  rather 
than  arithmetic,  multiplication  because  it  is  economical  of 
computation  time. 

3.  RESULTS  OF  VELOCITY,  SIZE  AND  DEFOCUS 
DISTANCE  MEASUREMENTS 

3.1  Spheres  In  an  accelerating  flow 

Figure  6  shows  the  size-velocity  correlation  of 
polyethylene  spheres  (Flowbeads,  Sumitomo  Seika,  colored 
black)  which  was  measured  in  an  accelerating  flow,  produced 
by  the  suction  flow  induced  by  an  inlet  nozzle  of  30  mm 
diameter  set  vertical  with  maximum  velocity  approximately  4.0 
mfs.  The  particles  were  released  100  mm  above  the  nozzle 
entrance  and  were  measured  at  SO  mm  above  the  nozzle  on  the 
axis.  The  sampling  frequency  and  magnification  ratio.  G.  were 
312.5  kHz  and  1 16,  respectively. 

At  the  measurement  point,  the  particle  velocity  varied 
with  size  because  of  inertia.  The  velocity  was  correlated  to  the 
measured  size,  and  the  maximum  rms  value  of  the  size  in  each 
velocity  class  was  about  10%.  It  should  be  noted  that  the  flow 
was  carefully  controlled,  so  that  the  scatter  seemed  to  be  caused 
by  fluctuation  of  the  flow.  This  result,  therefore,  confirms  the 
precision  of  the  size  measurement. 

3.2  Free  fall  particles  of  arbitrary  shape 

In  order  to  evaluate  the  accuracy  of  the  measuremenL 
the  velocity  and  size  of  particles  with  various  shape  were  tested 
by  sizing  particles  in  free-fall  condition  to  provide  direct 
assessment  of  sizing  accuracy  and  comparison  with  the 
aerodynamic  diameter. 


Diameter  [pm] 


Figure  6  Size-velocity  conelation  of  polyethylene 
spheres  accelerated  in  the  suction  flow.  Defocus  distance 
is  limited  at  800  pm. 
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Equivalent  diameter  [pm] 


Figure  7  Size-velocity  conelations  (a)  and  distribution  of 
aspect-ratios  (b)  of  copper  spheres.  Defocus  distance  was 
limited  at  800  pm. 

Scatter  plots  in  figure  7  (a)  and  8  (a)  show  resultant 
size-velocity  correlations  of  spherical  and  non-spheiical  copper 
particles  with  defocus  limit  set  at  800  pm.  For  comparison,  the 
terminal  velocity  of  a  sphere  is  shown  by  solid  lines.  The 
measurements  were  performed  with  a  flow  channel  of  100  a  100 
mm  cross-section  which  was  equipped  with  a  particle  feeder 
driven  by  an  acoustic  vibrator.  The  measuring  volume  was 
positioned  1.0  m  downstream  of  the  feeder  at  the  bottom  of  the 
channel.  Particles  ranging  up  to  ISO  pm  were  estimated  to  reach 
their  terminal  velocities.  The  sampling  frequency  and 
magnification  ratio  were  set  at  2S0  kHz  and  lOS.  respectively. 

The  terminal  velocity  defines  the  aerodynamical 
diameter  (Stokes  diameter  [CItft  et  al.  1978]),  and  the  area- 
based  diameter  of  spheres  coincide  with  the  Stokes  diameter. 
The  velocity  measurement  was  reliable  and  accurate,  therefore, 
the  result  for  the  spheres  in  figure  7(a)  allows  us  to  evaluate 
sizing  accuracy  of  the  method.  The  velocity  of  a  particle  was 
linearly  related  to  its  diameter  for  the  whole  size  range  and  the 
ims  value  of  the  size  distribution  at  2.0  m/s  was  10  pm 
approximately.  The  size  tended  to  be  overestimated  by  about 
15%  in  contrast  with  the  results  of  our  previous  work  which 
resulted  in  10%  underestimation.  This  is  likely  to  have  been 
caused  by  error  in  determination  of  the  magnification  ratio, 
since  it  is  obvious  that  the  error  was  systematic.  The  plots  show 
wider  scatter  than  that  of  polyethylene  in  figure  6,  because  the 
flow  was  influenced  by  the  particles. 

The  shape  of  a  particle  also  provides  useful 
information,  such  as  the  aspect  ratio  of  the  projected  shape.  The 
ratio  was  defined  by  the  ratio  of  the  maximum  sizes  (Ferret 
diameters)  relative  to  normal  and  parallel  axes  of  the  photodiode 


Figure  8  Size-velocity  correlations  (a)  and  distribution  of 
aspect-ratios  (b)  of  irregularly  shaped  copper  particles. 
Defocus  distance  was  limited  at  800  pm. 

array.  Figure  7(b)  is  the  pdf  of  the  aspect  ratio  from  copper 
spheres  which  shows  a  narrow  distribution  around  unity  ratio. 
Thus,  this  gives  us  confidence  that  the  temporal  windowing  was 
accomplished  correctly. 

The  velocity  of  non-spherical  particles,  under  the  same 
condition,  showed  smaller  values  as  compared  with  the  spheres 
in  fig-  e  8(a).  The  motion  of  the  particles  depends  on  their 
orient.>uon  because  the  drag  force  from  the  surto:'.nding  air  can 
vary  with  the  shape  and  orientation.  At  relatively  low  Reynolds 
number,  the  orientation  especially  tends  to  be  such  that  the 
maximum  cross  section  is  aligned  normal  to  the  direction  of  the 
motion  [Clift  et  al.  1978].  Figure  8(b)  shows  that  the  'alignment' 
of  orientations  was  clearly  observed.  Since  the  plots  showed 
monotonic  increase  of  size  with  velocity,  this  result  confirmed 
that  qualitative  measurement  is  at  least  possible  and  suggests 
that  the  projected  area  is  statistically  related  to  the  Stokes 
diameter. 

4  CORRECTION  OF  BIAS  ERRORS  FOR 
DETERMINATION  OF  ACCURATE  SIZE 
DISTRIBUTION 

For  practical  applications  involving  a  dispersed  phase 
in  a  flow,  it  is  often  necessary  to  determine  the  size  distribution 
at  each  measuring  point  with  high  spatial  resolution.  For  this 
purpose,  particle  sampling  should  be  unbiased  over  the  size 
range,  that  is  large  particles  should  not,  for  example,  be  easier  to 
detect  than  small  ones.  The  sampling  bias  was  mainly  caused  by 
the  dependence  of  the  effective  sampling  space  on  particle  size, 
defocus  and  shape;  in  order  to  eliminate  this  effect,  data 
correction  based  on  the  determination  of  particle  trajectory  was 
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attempted  as  described  below. 

4.1  Area  of  measuring  volume 

Figure  9  presents  tbe  size  dependence  of  the  effective 
size  of  the  sampling  space  and  its  width  (area)  over  which  the 
instrument  can  be  triggered.  For  simplicity,  in-focus  spheres  are 
shown.  The  triggerable  width,  is  equal  to  the  diameter  of  the 
particle  because  only  the  17th  channel  of  32  available  was  used 
for  triggering;  therefore,  the  triggerable  width  increased  with 
increasing  particle  diameter. 

For  determination  of  the  area-equivalent  size,  the 
whole  projected  image  must  be  recorded  and  the  last  channels  at 
both  edges  of  the  array,  i.e.  channels  1  and  32,  were  used  to 
detect  the  condition  at  the  edge  of  the  image.  If  the  diameter  of 
the  particle  exceeds  the  effective  width  of  the  array,  the 
triggerable  width  is  limited  and  hence  decreases  with  increasing 
particle  size;  therefore,  the  maximum  diameter  of  a  particle  was 
equal  to  the  width  of  30  segments  of  the  diodes. 

At  the  same  time,  the  effective  area  of  the  sampling 
space  varied  with  defocus  distance  due  to  reduction  of  the 
overlapped  area  of  triggering  as  shown  in  figure  10;  the 
effective  sampling  area  of  the  measuring  volume  remains 
elliptical  for  all  particle  sizes  but  its  width.  d(,  is  dependent  on 
the  particle  size.  Figure  1 1  shows  an  example  of  the  size  of  the 
sampling  space  for  spheres  with  magnification  ratio  of  7S 
approximately,  and  the  blocked  and  open  symbols  correspond  to 
the  area  without  defocus  limit,  and  with  limit  at  400  pm, 
respectively.  In  principle,  the  effective  area  was  proportional  to 
square  of  the  particle  diameter,  however,  the  right  side  of  the 

Array  diode  ggch 


Figure  9  Effective  width  of  the  sampling  space  depending 
on  the  particle  size,  d^  denotes  the  valid  width  of 
triggering  for  spheres  of  in-focus  condition. 


graph  is  limited  by  the  effects  of  the  image  exceeding  the  edge 
of  the  detector. 

The  overlap  area  can  vary  with  particle  shape,  so  that 
the  sampling  space  is  also  a  function  of  the  shape.  If  the  particle 
shape  is  so  complex  that  the  area  of  the  sampling  space  is  not  a 
monotonic  function  of  the  defocus  distance,  correct 
measurement  would  require  some  suitable  algorithm  to  estimate 
the  effective  area.  In  Ae  present  study,  an  equivalent  ellipce, 
defined  to  have  the  same  projected-area  and  same  aspect-ratio 
of  'fixed  axis'  f«ret  diameter  as  the  particle  to  be  measured,  was 
used  to  represent  its  shape  in  order  to  simplify  the  calculations. 
The  reconstructed  image  of  the  particle  was  converted  to  an 
ellipse  and  the  size  bias  coirection  was  implemented  using  the 
axis  of  the  ellipse  parallel  to  that  of  the  array. 


z  (defocus) 


measuring  volume 


Figure  10  Relationship  between  defocus  distance  and 
effective  area  of  the  sampling  space. 
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Figure  11  Example  of  effective  size  of  the  sampling 
space  as  a  function  of  particle  size. 
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Distance  from  trigger  channel  (y)  [pm] 


Figure  12  Distribution  of  particle  trajectories  of  non- 
spberical  copper  particles. 
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Figure  13  Size  distribution  of  polyethylene  spheres 
measured  by  a  microscope  (open)  and  shadow  Doppler 
velocimeter  (blocked). 


Figure  12  shows  the  distribution  of  particle  positions 
in  (be  bisector  plane  of  (be  incident  beams  which  was  inferred 
by  the  procedure  described  in  section  2.  Each  plot  corresponds 
to  one  particle  and  the  total  number  of  samples  was  icioo.  It 
should  be  noted  that  positive  and  negative  values  of  defocus  are 
not  distinguished;  Le.,  particles  which  are  at  a  defocus  distances 
of  200  and  -200  pm  were  plotted  at  the  same  ordinate. 

The  distribution  was  elliptical,  corresponding  to  the 
shape  of  the  sampling  space,  but  the  density  of  the  distribution 
was  not  uniform  because  the  triggerable  area  depends  on  the 
particle  size.  The  empty  region  between  defocus  distances  of  0 
and  100  pm  was  caused  by  finite  responsiveness  of  the 
pboiodetector,  and  particles  there  were  estimated  to  be  around 
dslOO  pm  which  corresponded  to  one  pixel  displacement  of  the 
two  projected  images. 


Equivalent  Diameter  Qjm] 


4  J  CorrectkMi  of  size  distribution 

Figure  13  compares  the  size  distribution  of  polyethylene 
spheres  with  area-based  diameter  obtained  from  microscopic 
measurement.  The  bias  error  was  effectively  removed  with  the 
method  based  on  the  sampling  area  described  above.  The  results 
showed  higher  stability  and  reproducibility,  as  compared  with 
amplitude  based  method,  because  the  fluctuation  of  the  laser 
power  or  the  temperature  drift  of  the  detector  did  not  influence 
the  accuracy.  The  maximum  error  of  average  diameter  was 
about  3.0  %. 

The  corrected  size  distributions  of  non-spherical  copper 
and  stainless-steel  particles  are  shown  in  figure  14  and  IS. 
respectively,  and  compared  with  microscopic  and  Stokesian 
diameter  obtained  from  the  terminal  velocities.  The  distributions 
agree  well  with  the  results  from  microscopic,  rather  than 
Stokesian,  diameters  and  with  better  accuracy  tto  the  intensity- 
based  methods;  microscope  occasionally  measure  particles  with 
large  error.  The  maximum  difference  of  average  diameter  was 
approxinutely  10  %  compared  with  microscopic  measurement, 
a^  the  distribution  tencM  to  be  biased  to  smaller  diameter  as 
we  expected:  particles  were  likely  to  present  their  largest  area  to 
the  observer  when  measuring  by  microscope  and,  hence,  the 
distribution  was  biased  to  larger  diameter  than  that  from  the 
present  instrument. 


Figure  14  Size  distribution  of  non-spherical  copper 
particles  measured  by  microscope  and  shadow  Doppler 
velocimeter. 
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Figure  IS  Size  distribution  of  non-spherical  stainless- 
steel  particles  measured  by  a  microscope  and  shadow 
Doppler  velocimeter. 
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5.  CONCLUSION 

In  this  study,  performance  of  shadow  Doppler 
instrument  was  assessed  with  irregularly  shaped  particles  in 
fundamental  flows.  Novel  results  are  summarize  as  follows: 

1.  A  signal  processing  method  for  shadow  Doppler 
velocimetry  has  been  demonstrated  using  computer  controlled 
hardware.  The  procedure,  which  comprised  temporal 
windowing,  pattern  recognition  and  correlation  of  the  image, 
successfully  provided  information  of  area-equivalent  size,  shape 
and  trajectmy  direction  of  the  particles. 

2.  Simultaneous  measurement  of  size  and  velocity  of 
irregularly  shaped  particles  has  been  achieved  in  an  accelerating 
flow  and  quiescent  air.  Measurement  of  defocus  distance 
allowed  us  to  identify  the  erroneous  data  which  was  caused  by 
poor  images  of  particles  with  large  defocus  distance. 
Polyethylene  particles  in  the  suction  flow  resulted  in  about  10  % 
precision,  including  the  fluctuation  of  the  flow. 

3.  The  size  distribution  of  the  particles  was  obtained 
using  a  correction  scheme  based  on  the  effective  size  of  the 
measuring  volume.  The  resultant  size  distribution  of 
polyethylene  spheres  agreed  with  the  microscopic  measurement 
within  3.0  pm  error  of  arithmetic  average.  For  irregularly 
shaped  particles,  the  size  information  inferred  from  the  two- 
dimensional  projected  image  showed  greater  similarity  with  the 
distributions  from  the  microscopic  measurement,  rather  than 
that  of  Stokes  diameter. 
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ABSTRACT 

This  presents  the  results  of  an  investigation 
of  the  turbulent  wake  of  a  flat  plate  subjected  to  a 
severe  adverse  pressure  gradient.  The  measurements 
were  performed  with  a  three-component  laser  Doppler 
velocimeter,  and  include  all  three  coi^ponents  of  the 
mean  velocity,  the  Reynolds  stresses  and  temporal 
correlation  functions.  Spatial  correlation  functions  were 
also  measured  to  obtain  estimates  of  the  dissipation 
length  scales. 


velocity  of  approximately  lOm/s,  which  corresponds  to 
a  chord  based  Reynolds  number  of  4.10*. 

A  two-dimensional  diffuser  was  connected  to  the 
test  section  to  create  a  strong  adverse  pressure  gradient. 
To  prevent  boundary  layer  sqtaration  from  the  diffuser 
walls,  the  walls  were  equipped  with  2mm  suction  slots, 
and  a  gauze  was  placed  at  the  exit  of  the  wind  tunnel. 
The  z*'"*"  created  an  overpressure  inside  the  channel, 
which  raiiy^  the  boundary  layers  to  be  removed  at  the 
slots,  thereby  taking  care  of  natural  boundary  layer 
control. 


1.  INTRODUCTION 

The  flow-field  around  a  multi-element  airfoil  is  very 
complicated.  One  aspect  is  the  development  of  the  wake 
of  the  main  element  in  adverse  pressure  gradients, 
induced  by  a  flsg).  In  the  present  investigation,  this 
phenomenon  is  simulated  by  the  wake  of  a  flat  plate 
developing  in  an  adverse  pressure  gradient,  induced  by 
a  two-dimensional  diffuser.  In  this  flow  there  is  only  a 
streamwise  pressure  gradient,  so  the  effects  of  for 
example  stre^ine  curvature  are  not  taken  into  account. 

The  investigation  is  part  of  a  project  related  to 
high-lifi  configuration  turbulence  modeling,  conqirising 
trailing  edge  flows,  boundary  layers  and  wakes  in  adverse 
pressure  gradients. 


boundary  layer  suction  gauze 


Figure  I:  Flow  configuration. 


2.  TEST  CONFIGURATION 

The  experiments  were  conducted  in  the  wake  of  a 
flat  plate.  The  plate  has  a  600mm  chord,  and  a  thickness 
of  18mm.  The  last  110mm  of  the  plate  were  tapered  to 
form  a  sharp  trailing-edge.  The  plate  was  placed  at  zero 
angle  of  attack  in  the  test  section  (400x400nim*)  of  an 
open-type  wind  tunnel,  see  figure  l.The  boundary  layers 
on  the  plate  were  tripped  with  wires  positioned  at  6% 
chord.  The  wind  tunnel  was  operated  at  a  free  stream 


3.  MEASUREMENT  GRID 

The  con^lete  measurement  grid  for  the  flow-Eeld 
measurements  is  shown  in  figure  2.  It  consists  of  nine 
traverses,  starting  at  the  trailing-edge.  The  traverse 
furthest  downstream  is  at  230nim  behind  the  trailing- 
edge.  All  traverses  consist  of  s^proximately  SS  stations, 
resulting  in  a  total  number  of  about  49S  grid  points. 
The  present  paper  rqmrts  the  results  of  the  six  traverses 
from  x= 17mm  up  to  x=17Smm. 
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x=17mni 


x=175inm 

Figure  2:  Measurement  grid  for  the  flow-field 
measurements. 


4.  INSTRUMENTATION 

The  measurements  were  performed  with  a  three- 
component,  dual  beam  LDA  system.  The  green 
(514.Snm),  blue  (488.0nm)  and  violet  (476.Snm)  colours 
of  a  SW  Argon  ion  laser  were  used  to  measure  the  three 
conqmnents  of  the  velocity  simultaneously. 

The  transmitting  optics  were  arranged  such  that 
three  nearly  orthogonal  fringe  patterns  were  created. 
The  measurement  volume  width  was  approximately 
0. 12mm.  To  collect  light  only  from  the  overlap  region  of 
the  three  measurement  volumes,  the  receiving  directions 
were  almost  perpendicular  to  the  transmining  optical 
axes.  Small  pinholes  mounted  in  front  of  the 
photomultipliers  reduced  the  effective  length  of  the 
measurement  volumes  to  0.2tnm. 

To  measure  instantaneous  flow  reversal,  Bragg-cell 
frequency  shifters  were  used  in  all  channels,  together 
with  electronic  dowtunixing.  The  photomultiplier  output 
signals  were  processed  by  three  Burst  Spectrum 
Analysers.  The  processors  were  operated  in  the 
’hardware’  coincident  mode,  which  means  that  a  signal 
is  required  on  all  three  channels  simultaneously.  After 
acquisition,  the  data  was  processed  using  a  ’software’ 
coincidence  window  of  ISfis. 

Two  different  optical  configurations  were  v 
Figure  3a  shows  set-up  1,  which  was  used  to  measure 
single-point  statistics  (mean  velocities,  Reynolds  stresses, 
triple  products  and  time  correlation  functions).  To 
measure  spatial  correlation  functions,  a  slightly  different 
set-up  was  used,  see  figure  3b.  The  main  difference 
between  the  two  set-ups  is  that  in  set-up  2  the  third 
component  could  be  traversed  independently  of  the 
other  two.  With  this  set-up  simultaneous  measurements 
were  performed  at  two  difrerent  locations  in  the  flow. 
The  third  component  could  be  arranged  in  different 


orientations,  such  that  either  u,  v  or  w  is  measured. 

The  flow  was  seeded  with  small  oil  droplets  with  a 
mean  diameter  of  l/im.  The  particles  were  injected  into 
the  flow  upstream  of  the  fan.  thereby  ensuring  a 
homogeneous  distribution  in  space. 


Figure  3a:  Set-iq>  to  measure  single-point  statistics. 


Figure  3b:  Set-up  to  measure  two-point  statistics. 


5.  MEAN-FLOW  CHARACTERISTICS 

Figure  4  presents  the  three  components  of  the 
mean  velocity  measured  at  station  x=S3mm.  Although 
the  velocity  defect  is  very  large,  there  is  no  mean  flow 
reversal  at  this  station.  Outside  the  wake,  the  transverse 
mean  velocity  increases  in  positive  y-direc(ion,  which  is 
a  consequence  of  the  fact  that  the  flow  develops  in  a 
diffuser.  The  spanwise  mean  velocity  is  small  compared 
to  the  other  two  components,  suggesting  good  two- 
dimensionality  of  the  mean  flow.  From  figure  4  it  can  be 
concluded  that,  within  the  experimental  uncertainty,  the 
flow-field  is  symmetric. 


Figure  4:  The  three  components  of  the  mean  velocity 
measured  at  station  x=S3tnm. 


The  development  of  the  x-component  of  the  mean 
velocity  is  shown  in  figure  5.  It  can  be  seen  that  the 
width  of  the  wake  increases  dramatically.  The  value  of 
the  displacement  thickness  increases  from  44mm  at  the 
first  station  to  91  mm  at  the  furthest  downstream  station. 
The  velocity  defect  increases  in  downstream  direction. 
Between  stations  x=8Stnm  and  x=I30mm,  the  mean 


Figure  S;  Development  of  the  x-component  of  the  mean 
velocity. 


velocity  on  the  wake  centre  line  changes  sign. 
Downstream  of  this  location,  there  is  a  region  of  mean 
flow  reversal  near  the  centre  of  the  wake. 

The  development  of  the  kinetic  energy  of  the 
velocity  fluctuations,  k= '/4(u'’-l-v'’-hw'’),  is  presented  in 
figure  6.  The  distributions  grow  in  both  height  and  width 
when  moving  downstream.  The  location  of  the  peak 
values  occurs  near  the  point  of  inflexion  of  the  mean 
velocity  profiles,  and  moves  away  from  the  centre  line. 

Figure  7  gives  the  contribution  of  u'\  v'^  and  w’’  to 
the  kinetic  energy  for  seven  stations  on  the  wake  centre 
line.  The  contribution  c'  the  streamwise  component,  u'\ 
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Figure  6;  The  development  of  the  kinetic  energy  of 
velocity  fluctuations. 
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Figure  7:  Contribution  of  iT’,  ^  and  to  the  kinetic 
energy. 


is  much  larger  than  the  other  two  at  all  station  At  the 
first  station,  x=17inm,  the  contribution  of  v"  is  the 
smallest.  However,  at  the  furthest  downstream  station 
the  values  of  v^  and  are  almost  equal. 

The  development  of  the  turbulent  shear  stress 
u'v'is  shown  in  figure  8.  The  triple  products  u'q*  = 
u”+ir^+u’w*  and  v'q'  =  v'u'’+v'‘+v'w"were  also 
measured.  These  terms  represent  the  diffusion  of  kinetic 
energy  by  velocity  fluctuations.  Figures  9a  and  b  show 
the  development  of  u'q'  and  v'q'  in  the  downstream 
direction.  The  main  contributor  to  u'q'  is  u'\  The 
remaining  terms  show  a  similar  behaviour,  but  they  are 
much  smaller.  The  value  of  u'q'  at  the  wake  centre  line 
increases  in  the  downstream  direction,  and  changes  sign 
between  stations  x=8Smmand  x=130inm.The  individual 
components  v'u'^,  ^  and  v'w"  of  the  term  v'q'  give 
approximately  equal  contributions  to  the  overall  value 
of  v'q'  at  all  traverses. 
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Figure  8:  The  development  of  the  turbulent  shear  stress. 


6.  TIME  CORRELATION  FUNCTIONS 


Figure  9a:  Profiles  of  triple-product  u'q'. 
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Figure  9b:  Profiles  of  triple-produa  v'q'. 


At  a  number  of  locations  in  the  flow  auto 
correlation  functions  (acfs)  of  the  streamwise  velocity 
conqionent  were  measured.  The  acfs  were  calculated 
from  the  LDA  dau  with  the  ’slotting  technique’.  This 
technique  can  be  described  by  the  following  algorithm, 
sec  e.g.  Mayo  et  al  (1974): 


p(r) 


N  i,f 
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where  is  the  sum  of  all  cross 

products  of  velocity  fluctuations  u'(t,)u'(t,)  separated  by 
a  time  lag  within  the  range  (k-'/i)AT^ti-t^^(k+V4)Ar. 
H(kAr)  is  the  number  of  cross  products  within  a  slot,  Ar 
is  dte  width  of  a  time  slot,  aid  N  is  the  number  of 
velocity  samples. 

Figures  10a  and  b  shows  six  acf  s  measured  at 
station  x=30mm.  At  each  location  10^  samples  were 
used,  which  were  acquired  at  an  average  data  rate  of 
approximately  lOOOHz.  The  acfs  were  calculated  for  a 
maximum  time  lag  of  ISOOn'^  width  of  10ms. 

Near  zero  time  lag  the  slot  .xreased  to  2ms 

to  show  more  detail. 
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Figure  10a:  Auto  correlation  functions  measured  at 
x=:30inm  for  various  y-locations. 
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To  calculate  the  acf  at  very  small  time  lags,  a 
slightly  different  algorithm  was  used  in  which  the 
denominator  in  (1)  was  replaced  by: 


}0kAT)  *-l,2 . M  (2) 


This  means  that  for  every  time  slot  a  separate 
estimate  of  the  variance  of  the  velocity  fluctuations  is 
made,  in  which  only  velocities  are  used  that  also 
contribute  to  the  cross  products  in  that  slot.  At  very 
small  time  lags,  this  estimator  has  a  much  lower  variance 
than  (1),  and  facilitates  the  calculation  of  the  small  time 
lag  part  of  the  acf. 

Figure  1 1  shows  a  detailed  view  of  the  acfs  near 
zero  time  lag.  The  functions  were  calculated  using  the 
same  data  records  as  the  acfs  in  figure  10,  but  with 
much  smaller  values  of  the  slot  width,  20ps,  and  the 
maximum  time  lag,  1ms.  A  striking  aspect  of  figure  1 1  is 
the  very  small  discontinuity  at  zero  time  lag.  This 
indicates  that  the  influence  of  uncorrelated  noise  was 
small  during  the  measurements. 

To  estimate  the  Taylor  micro  time  scale,  an 
atten^t  was  made  to  fit  a  parabola  to  each  acf  at  zero 
time  lag,  using  a  method  suggested  by  Zhu  a  al  (1992). 
First,  the  measured  correlation  values  were  replotted  as 
l-p(r)  versus  Ar’.  Then  a  straight  line  through  a  number 
of  data  points  near  Ar=0  was  constructed.  The  intersect 
of  this  line  with  the  Ar‘=0  axis,  gave  an  indication  of  the 


Figure  10b:  Auto  correlation  functions  measured  at 
x=30mm  for  various  y-locations. 


Figure  1 1 :  A  detailed  view  of  the  auto  correlation 
functions  near  zero  time  lag. 
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Figure  12:  Variation  of  the  Taylor  micro  time  scale 
across  the  wake  at  x^BOmm. 

discontinuity  of  the  acf  at  zero  time  lag.  After  removal 
of  the  discontinuity,  a  parabola  was  fitted  to  the  selected 
data  points.  The  resulting  values  of  the  Taylor  micro 
time  scale  are  given  in  figure  12.  It  can  be  seen  that  the 
Taylor  micro  time  scale  decreases  when  moving  away 
fiom  the  wake  centre  line. 


7.  SPATIAL  CORRELATION  FUNCTIONS 

At  several  locations  in  the  flow,  spatial  correlation 
funcdons  (scCs)  were  measured  with  set-up  2.  To  obtain 
information  on  the  Taylor  micro  length  scales,  attention 
was  focused  on  the  correlation  at  veiy  small  spatial 
separation.  The  nK  asurement  volumes  were  aligned  such 
that  the  streamwise  velocity  component  was  measured 
simultaneously  at  two  different  locations  in  the  flow. 

Starting  at  zero  separation,  one  of  the 
measurement  volumes  was  traversed  in  streamwise 
direction  in  steps  of  25nm.  For  every  separation  3.10^ 
velocity  pairs  were  acquired  at  an  average  data  rate  of 
approximately  2SHz.  The  spatial  correlation  coefficient 
was  estimated  from: 


H 

«,  (*)«. 

tml 


N 

N 

t.i 

tml 

Figure  13  gives  a  typical  result  measured  at  station 
x-i7Smm,y=47nun.  A  striking  aspect  of  this  scf  is  the 
high  correlation  value  at  zero  separation.  This  indicates 


that  both  channels  measured  almost  identical 
instantaneous  velocities,  i.e.  errors  due  to  uncorrelated 
noise  were  very  small. 

Another  aspect  is  the  presence  of  a  small  bump  at 
sqiarations  of  less  than  ^roximately  O.lnun.  This  has 
also  been  observed  by  Absii'er  al  (1990).  In  this  r^ion 
the  measured  spatial  correlation  coefficient  is  biased 
towards  higher  values  due  to  the  partial  overlap  of  the 
measurement  volumes.  The  processors  tmly  acquire  data 
when  a  signal  is  present  <m  all  channels  simultaneously. 
This  requirement  is  most  likely  met  when  a  particle 
transits  the  overlap  region  of  the  measurement  volumes. 
However,  in  that  case  the  efiwtive  spatial  sqtaration  is 
zero.  Therefore,  the  measured  spatial  correlation 
coefficients  do  not  correspond  to  the  true  values,  as  long 
as  there  is  a  partial  overlap. 

Information  on  the  small  scale  scf  is  obtained  only 
when  the  measurement  volumes  are  complady 
separated.  In  this  set-up  the  width  of  the  measurement 
volumes  is  0.12mm,  so  it  is  to  be  expected  that  the 
measured  correlation  values  are  valid  only  at  separations 
larger  than  approximately  0.12mm. 


8.  TAYLOR’S  HYPOTHESIS 

Figure  14  shows  measurements  of  the  spatial 
correlation  coefficient,  together  with  the  auto  correlation 
coefficient  with  time  lag  converted  to  distance  using  the 
local  mean  velocity,according  to  Taylor’s  hypothesis.  For 
small  separation  the  two  curves  practically  coincide  upto 
Ax=:O.Sinm,corresponding  to  a  time  lag  of  about  0. 1ms. 
This  coincidence  behaviour  has  also  been  observed  by 
Cenedese  et  al  (1991). 
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Figure  14:  Comparison  between  the  spatial  correlation 
coefficients  and  the  convened  auto 
correlation  coefficients. 

Parabolas  fitted  independently  to  both  curves, 
yielded  Taylor  micro  scales  of  Lx=:2.7Smm  (from  the 
spatial  correlation  function),  and  uTx==2.94mm(ffom  the 
auto  correlation  function).  In  this  panicular  case  the 
application  of  Taylor’s  hypothesis  gives  reasonably 
accurate  results. 


9.  CONCLUDING  REMARKS 

The  measurements  described  above  are  the  first 
results  of  a  continuing  project.  Experiments  perfontKd 
at  the  present  time  include  measurements  of  as  many  as 
possible  terms  contributing  to  the  dissipation,  and 
providing  starting  conditions  for  numerical  exercises  in 
the  flat  plate  boundary  layer. 
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ABSTRACT 

We  report  on  the  developmem  of  an  LDA  based  method  by 
which  all  the  different  terms  in  the  dissipation  rale  tensor  can 
be  measured.  It  is  shown  that  the  homogenous  part  of  this 
tensor  can  be  expressed  as  a  sum  of  two  terms,  the  second 
derivative  of  the  two  point  correlation  tensor  with  respect  to 
the  separation  between  the  points  and  the  second  derivative 
with  respect  to  position  of  the  Reynolds  stress  tensor.  The 
inhomogenous  part  contains  mixed  derivatives  of  the  same 
quantities.  An  error  analysis  is  pmfonned  which  shows  that 
the  dominating  errors  are  due  to  the  uncertainty  in  the 
determination  of  the  distance  between  the  measuring  points 
and  to  misalignment  of  the  laser  beams.  The  method  is 
applied  to  the  study  of  a  low  Reynolds  mimber  circular  air  jet 
with  Kolmogorov  microscale  of  the  order  of  100  pm  and. 
except  for  a  region  close  to  the  outlet  nozzle,  the  error  is 
shown  to  be  of  order  S  -  10%.  Some  results  from  the 
measurements  are  also  presented. 


1.  INIROTUCnWl 

Reynolds  stress  modelling  of  turbulent  flow  fields  requites 
that  an  accurate  and  general  model  of  the  dissipation  rate 
tensor  is  available.  A  number  of  such  models  have  been 
proposed,  but  direct  experimental  verification  of  them  is  very 
difficult  For  a  discussion  of  these  and  related  matters  see  e.g. 
George  &  Taulbee  (1990).  In  the  Reynolds  stress  equations 
the  terms  associated  with  dissipation  usually  appears  as 


where  V  is  the  kinematic  viscosity  of  the  fluid,  u;  is  the 
velocity  vector  and  xj  is  co-ordinate  direction.  Thr  -^bar 
denotes  an  unbiased  ensemble  average.  The  terms 
in  equation  (3)  are  sometimes  written  in  slightly  » 


forms,  but  the  way  of  expression  used  in  equation  (3)  is  best 
adopted  to  our  way  of  measuremenL 

It  must  be  noted  that  die  upper  index,  h  or  n  appearing 
in  equations  ())-(3),  are  not  tensor  indices,  h  is  used  to 
indicate  the  homogenous  part  of  the  tensor  and  n  the  non- 
bomogenous  part  This  convention  is  also  followed  for  otbm 
quanddes  appearing  as  supersctiptt  in  this  p^ier. 

One  of  the  main  difficuldes  in  experimiHital  studies  of 
dissipadon  is  that  they  require  that  measurements  are  obtai¬ 
ned  in  two  nearby  ptnnts,  without  the  measurement  in  one  of 
the  points  disturbs  the  measurement  in  the  other,  and  that  the 
small  difference  in  velocity  between  the  two  poinu  is  well 
resolved.  In  addidon  to  this  the  effective  measuring  control 
volume  must  be  very  small,  of  the  order  of  the  Kolmogorov 
microscale,  to  avoid  that  the  velocity  may  vary  noticeably 
across  the  measuring  control  volume  or  that  the  distance 
between  the  measuring  points  may  not  be  accurately  known. 

The  laser  Doppler  anemometer  has  for  a  long  time  been 
considered  attractive  for  this  kind  of  measuremems,  since  it 
automatically  solves  one  of  the  most  severe  of  these 
fHoblems;  it  measures  without  disturfoirtg  the  flow.  The  size  of 
the  measuring  control  volume  can  also  be  made  very  smaU  by 
using  expanded  laser  beams  and  side  scattering.  It  has 
however  some  severe  drawbacks,  in  particular  the  influence  of 
a  rather  high  noue  level,  usually  of  the  order  of  1  percent,  and 
influence  of  imperfect  beam  alignment 

We  report  here  on  the  development  of  an  LDA  technitpie 
which  solves  these  problems,  thus  making  accurate  direct 
measuremenu  of  all  the  elements  in  the  dissipation  rate 
tmisor  possible.  Some  results  on  a  circular  jet  ate  included. 


2.  THEIXSSIPATK»4RATETENSOR 

2. 1  Homogeneous  part  of  the  dissipation  rate  tensor 

To  try  to  measure  the  various  terms  appearing  in  the 
homogenous  dissipation  rate  tensor  by  direct  measurements 
of  the  velocity  in  two  points  simultaneously  and  forming  the 
average  of  the  product  of  their  difference  would  lead  to 
unacceptable  error  levels.  This  is  due  to  the  fact  that  the 
calibration  constants  of  the  two  systems  can  not  be 
determined  accurately  enough  to  permit  the  small  difference  in 
velocity  between  the  two  measuring  points  to  be  nreasured 
accurately.  We  therefore  have  to  transform  the  expression  (2) 
to  a  form  that  will  permit  more  accurate  measuremente  to  be 
performed.  We  write 
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duj  dtj  _  lim  M, (»«)-»<<(»») ^^ 
dxjf  dxh  Axt  — >0  Axj 

_  lim  f  UiUj(xJ+UiUj(xi,)  (4) 

Axj  -»o[^  A*| 


where  we  have  written 


lt,(*a^UjUl,)  +  Ui(Xb)UjlXg) 

^2Ry{xo)+^l-^^+o[^t) 

If  equations  (7)  and  (12)  now  are  enleted  into  equation  (4)  and 
an  ensemble  average  is  taken  of  the  resulting  expression  we 
obtain 


d^Rj 

4  dbtj  dAs* 


(13) 


“.(*«)  =  «i[»0+-^] 


It  must  be  noted  that  the  first  term  on  the  right  hand  side  of 
(3)  equation  (13)  is  the  second  derivative  of  a  one-point 
correlation,  ^ ,  with  respect  to  the  co-ordiiute  x^.  while  the 
second  term  is  the  derivative  of  a  two-point  correlation,  Qy , 
(^)  with  respect  to  the  separation  between  the  two  points. 


and  we,  thus,  have  made  a  symmetric  separation  of  the  two 
points  around  the  centre  point  xq. 

The  first  term  on  the  right  hand  side  of  equation  (4) 
contains  only  one-point  correlations.  By  expanding  them  in 
a  Taylor  series  around  xq  we  obtain  after  some  algebra 


«,■  (Jta  )«;(Xa  )  +  «<(•**)«;  (Jt*  ) 


(7) 


2.2  Inhomogenous  part  of  the  dissipation  rate  tensor 

The  primary  expression  to  be  considered  when  evaluating  the 
inhomogenous  dissipation  rate  tensor  is  according  to 
equation  (3) 


This  can  be  expressed  as 


where 


Rij^UjUj  (8) 

and  it  is  understood  that  all  terms  on  the  right  hand  side  of  (7) 
are  to  be  evaluated  at  the  point  xq. 

The  second  term  on  the  right  hand  side  of  e  quation 
(4)  is  of  a  different  nature.  It  (^insists  of  products  of '  ^locity 
components  obtaineO  in  'wo  difretent  points.  If  we  wriu.  it  in 
the  form 


Ui(Xa)Uj(Xl,)+Ui(X/,)Uj(X„) 


lim 


-4  0" 

2 

>1 

O 

1 

e 

txj 

0 

lUj 

G«(xo.Ax;)-C2tt(xo.-A*^) 

(14) 


we  see  that  it  is  symmetric  in  Ax.  We  will  now  consider  each 
term  in  (9)  as  a  two-point  function,  denoted  by  Qjj,  of  the 
separation  Ax^.  Due  to  the  symmetry  we  thus  have 

«,•  (Xa)Uj(Xi,)  +  «,■  (Xi  )u  j(x„ ) 

/  X  /  A  (10) 

=  i2(/(xo.^t)+QiAxo-^t) 

where 


where  and  Qji^  is  defined  by  equations  (8)  and  (11) 
respectively.  Note  again  that  Rji^  is  a  quantity  defined  in  one 
point,  while  (Juc  is  a  two-point  quantity. 

If  we  expand  the  terms  in  equation  (14)  which 
contain  R|^  in  a  Taylor  series  around  xq  we  obtain 


j,(xo,A*t)*u,^. 


■*0  + 


(11) 


Expanding  this  in  a  Taylor  series  around  Ax^sO  gives 


Similarly,  if  we  expand  the  terms  containing  in  equation 
(14)  in  a  Taylor  series  around  AxjsO,  keeping  xq  constant,  we 
obtain 


25,2,2. 


-Cii(*o.A*;)+(2*{.*o 2A*y^-+0(Ax})  (16) 


If  the  last  two  expressions  are  entered  into  equation  (14)  and 
an  ensemble  avenge  is  fonned  on  the  resulting  expression  we 
obtain 


(17) 


The  non>homogenous  dissipation  rete  tensor  can  thus  be 
expressed  as 


du. 


^  Sxf 


dxi 


f  dRu  dRj^ 

1 

a*. 

\d^j 

*  yj 

(»«) 


It  is  thus  clear  that  the  primary  quantities  to  measure  in  order 
to  obtain  a  measurement  of  the  dissipation  rate  tensor  are  die 

Reynolds  stress  tensor.  ,  and  the  two>point  correlation 
tensor, 


3.  EXPERIMENT 

3. 1  Measurement  technique 

The  basic  requirement  of  an  instrument  used  to  measure  the 
dissipation  rate  tensor  is  an  ability  to  measure  in  two  dUfe- 
rent  points  simultaneously.  We  accomplish  this  by  using  four 
fibre  optic  probes  operating  in  pairs,  see  figure  1.  One  probe 
in  each  pair  is  used  to  emit  the  laso-  beams  and  the  other  to 
collect  the  scattered  light  at  90*  coUectitm  angle.  With  this 
arrangement  it  is  possible  to  reduce  the  measuring  control 
volume  considerably.  Its  diameter  decreases  in  proportion  to 


Rgiir**  1 .  Probe  configuratiOT. 


Figure  2.  The  mrasiiring  control  vtdume. 

the  ledpncal  of  the  F-number  of  the  muttni  beams,  whidi  is 
given  by  the  optics  used  and  can  be  reduced  by  beam 
expansion  modules.  The  Imgth  of  the  measuring  control 
volume,  see  figure  2,  is  determined  by  the  receiving  optics.  In 
our  case,  we  use  Dantec  probes  and  the  length  of  the 
mnasnring  control  volume  is  then  approximately  80%  larger 
than  the  diameter  of  the  beam  waists.  We  obtain  a  diameter  of 
45  pm  and  a  length  of  80  pm. 

Bach  pair  of  die  probes  are  traversed  symmetrically 
about  a  centre  point.  In  ^s  way  a  number  of  error  terms 
direcdy  proportional  to  the  distance  between  the  t»w«n>im 
control  volumes  vanish  idmidcally  (as  opposed  to  a  case 
when  only  one  of  the  probe  volumes  would  be  traversed).  The 
probes  are  brought  to  measure  the  velocities  in  the  two  points 
at  five  different  separation  disunces  in  turn  and  the 
correlation  coefficient  and  the  tms  values  of  the  measured 
velocity  conqionente  are  cmnputed.  These  datt  are  then  fitted 
to  a  fourdi  order  polynomial 


+P2.(i(Ax)*  +P3,#(Ax)’  (19) 

(if  i  c  j.  P3jj  s  0)  and  the  parameter  p2jj  is  evaluated.  The 
second  derivative  of  with  respea  to  Ax  as  Ax  goes  to  zero 
is  equal  to  twice  the  value  of  this  parameter.  In  this  way  the 
second  derivative  of  the  correlation  function  at  zero  sqiara- 
tion  is  properly  obtained.  The  procedure  is  then  tepemed  for 
sqiaration  in  other  two  co'ordinate  directions. 

One  of  the  probe  pairs  is  always  used  to  measure  the 
velocity  in  the  main  flow  direction,  evoi  in  cases  when  we  do 
not  need  to  measure  this  component  to  obtain  a  particular 
element  of  the  dissipation  rate  tensor  In  this  way  we  are 
always  able  to  perform  a  speed  weighting  of  our  data,  thus 
permitting  us  to  compensate  for  particle  statistical  bias. 

The  Reynolds  stresses  were  measured  using  one  of 
tile  probe  pairs  in  a  conventional  set  up  to  measure  ail  three 
velocity  components  simultaneously. 

3.2  The  jet  flow  rig 

A  sinqile  experiment  has  been  carried  out  An  air  jet  with  a 
speed  of  10  m/s  at  the  outlet  of  a  nozzle  with  a  diam^  rUS 
mm  entered  into  a  chamber  70x70  cm  in  cross  sectirm  and  1.2 
m  hi^,  see  figure  3.  The  nozzle  was  made  as  a  part  of  the 
bottom  wall  of  the  chamber  and  was  turned  in  the  sluqie  of  a 
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Figure  3.  The  jet  flow  rig. 

circular  arc,  see  inset  in  figure  3.  The  walls  of  the  chamber 
were  made  of  glass  to  permit  the  laser  beams  to  enter  into  the 
chamber  from  the  probes  which  were  placed  outside  the 
chamber.  The  flow  returned  through  triangular  channels  at  the 
comers  of  the  chamber.  The  flow  was  driven  by  a  carefully 
regulated  fan.  Between  the  fan  and  the  nozzle  a  number  of 
screens  were  placed  to  reduce  the  disturbance  level  of  the  air 
stream  entering  the  nozzle.  The  outlet  velocity  profile  had  a 
top  hat  shape  with  very  constant  velocity  across  the  nozzle 
arid  a  low  turbulence  level. 


4.  ERRCKl  ESTIMATES 

Our  method  to  measure  the  different  terms  in  the  dissipation 
rate  tensor  involves  the  use  of  two  separate  LDA  systems.  The 
Doppler  frequency  measured  by  one  of  the  systems  (I)  in  point 
x,  at  the  particular  instant  of  time  x'  is  given  by 


/i(x„.r')  =  cVv(z,.r')  (21) 


f'D{xay)  =  c‘»'y{x„,i‘)  (22) 

where  we  have  split  the  velocity  vector  V  into  its  average  V, 
and  its  fluctuation  v.  Note  that  the  overbar  denotes  a  non- 
biased  average.  Further,  c'  is  the  "calibration”  constant  of  the 
system  I,  giving  the  ratio  of  the  detected  Doppler  frequency  of 
the  projection  of  the  velocity  vector  V  in  the  direction  s^ 
(unit  vector),  which  points  in  the  direction  of  the  bisector  to 
the  two  emitted  beams  of  system  I.  fh  is  the  noise 
contribution  to  the  detected  Doppler  frequency.  Analogous 


formulas  are  of  course  available  for  the  measurement  in  the 
point  x^  using  system  JI. 

To  carry  the  analysis  further  using  general  exjms- 
sions  would  nuke  our  f(»mulas  very  cluttoed.  We  therefore 
choose  to  proceed  by  developing  the  expressions  only  for  a 
certain  specific  choice  of  combination  of  velocity  compo¬ 
nents  and  to  imply  the  others  by  way  of  aiulogy.  We  will 

also  confine  ourselves  to  an  aiulysis  of  the  -  terms  and 
leave  the  ^  -  terms  since  these  are  much  smaller  than  the 
two  point  correlations  and  varies  with  position  at  a  much 
snuUer  rate  than  Qg  and  thus  contribute  very  little  to  the 
ritul  error  estinutes. 

Each  system  is,  at  a  certain  phase  of  the  experiment, 
used  to  measure  the  velocity  component  in  the  direction  of 
one  of  the  co-ordinate  axis.  The  unit  vectors  in  which  we 
measure  are  therefore  always  one  of  the  following 

(25) 

with  analogous  expressions  for  system  U.  and  are 

small  components  of  the  unit  vectors  due  to  some  inescapable 
misalignment  of  the  laser  beams. 

We  now  consider  the  specific  example  of  obtaining 
Qi2.  With  the  aid  of  the  above  expressions  a^  equation  (10) 
we  obtain 


fin  =  »(■*«)  v(xj,) 


(26) 


X - C- 


JWW 


where  we  have  implicitly  assumed  that  system  I  is  measuring 
in  position  x,  and  system  II  in  position  X),.  In  addition  to  this 
we  have  also  here  written  the  velocity  vector  as  (u,  v,  w). 

The  directional  errors,  e,  are  often  of  the  order 
of~0.01.  This  implies  that  they  can  safely  be  neglected 
compared  to  1  in  the  square  roots  in  the  denominator  of 
equation  (24).  We  further  assume  that  the  noise  terms,  fj,  and 
/“,  are  uncorrelated  with  all  other  terms  except  when 
correlated  with  themselves.  Forming  a  non-biased  average  of 
Qi2  based  on  a  large  number  of  samples  we  then  get 
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Cl2* 

g//_ -  ^11  - 

—^fD(x„)u(x^)—p-fifiXg)w(x^)  (27) 

-%/d  )»'(*«  )-^fD  (*b  )*^(*« ) 

c  c 

M(hen  deriving  this  expression  we  have  also  neglected  term 
which  contain  products  of  directional  errors.  These  term  are  of 
mder  10^  times  smaller  dian  the  dominating  terms.  In  this 
specific  example  (Q12)  we  note  that  all  noise  terms  have  been 
cancelled  since  no  terms  where  they  were  correlated  with 
themselves  were  present 

If  we  further  note  that /o/c^>iu(Xa)  tad  -vix^) 

we  find  that  the  last  three  terms  in  equation  (27)  representing 
die  errm  in  the  measurement  of  leads  to  reladve  errors  of 
order  0.01  since  all  correlations  ujujare  of  the  same  order  of 

nugnitude  and  the  e:s  are  of  order  0.01.  This  error  is  thus  of 
the  order  of  a  few  percent.  Note  that  signal  noise  does  not 
contribute  to  this  error. 

It  turns  out  that  the  scatter  in  the  data  is  larger 
than  the  scatter  in  the  corresponding  correlation  coefficient, 
which  is  defined  as 


C,2  = 


(28) 


When  taking  the  second  derivative  of  Qn ,  as  is  required  to 
obtain  the  homogenous  dissipation  rate  tensor  according  to 
equation  (13),  this  is  of  importance,  and  we  thus  prefer  to 
work  with  the  correlation  co^cient 

The  rms  values  u^(x„)  and  ^v*(x*)  can  be 

computed  from  equations  (20)  -  (22)  in  a  way  analogous  to 
the  derivation  of  equation  (27).  We  find 


where 


^// u(Xfc)v(xt)  ^/v(Xfc)w(xt) 


(32) 


If  these  exjnnessions  are  entered  into  equation  (28)  we  find 
after  considerable  algebra 


Cn  -  ■  (l-ar(x.  ))-/»c(Ax*  )(33) 

^(fI>(Xa)f  ^(fD(Xb)f 

where 


^ifg(Xb)f  *  *'<■'*>* 

^  v(xt  )w(xt )  ^  u(x,  )v(x, )  ^  m(x,  )w(xa ) 
*  v(xj)*  ^  nix,)*  *  i«(x,)* 


7^ 


)^  Vv(Jta)* 


.  .g  n(x,)w(x,) 

Vu(x,)* 


+£1 


Hx,Mx.)  ... 

^|v(X|,)^  ^ju(x,)^  ^v(xi,y 


J|(X|j)w(X^ 


(35) 


When  deriving  equations  (29)  -  (35)  we  have  as  before 
neglected  terms  which  contain  products  of  directiofial  errors, 
correlations  of  noise  terms  with  anything  except  themselves 
and  products  of  noise  and  directional  errors 

The  a-  terms  contain  only  one-point  data,  which 
changes  very  slowly  compared  to  two-point  terms.  The  terms 
are  small,  of  the  order  of  0.01,  and  the  second  derivative  of 
these  terms  can  safely  be  neglected.  A  word  of  warning  is 
however  in  place,  since  the  noise  terms  may,  due  to  spurious 
effects,  vary  also  over  short  distances. 

The  second  term,  Pc>  >»  equation  (33),  contain  terms 
which  are  also  small,  of  the  order  of  0.01.  However,  tiiey, 
ctmtain  two-point  data,  which  ate  expected  to  vary  in  space  at 
aj^noximately  the  same  speed  as  the  dominating  term  in 
eq^on  (33).  This  implies  that  they  will  contribute  an  error 
term  to  the  homogenous  dissipation  rate,  which  is  of  the 
same  order  as  their  contribution  to  the  correlation  term. 

The  homogenous  dissipation  rate  is  finally 
conqmtedas 


We  have  demonstrated  that  the  relative  erms  due  to  noise  and 

misalignment  in  ^(«(JCo)f  and  ^{v(xt)f  are  all  of 
the  order  of  a  few  percent  The  errors  involved  in  the  measu- 
ranent  of  Xj2  is  of  the  same  nature  and  thus  of  the  same  order 
of  magnitude.  Moreover,  the  second  derivative  of  is  to 
be  obtained  with  respect  to  Xk,  while  the  derivative  of  ^  is 
to  (re  evaluated  witii  respect  to  Ax^.  The  variation  in  space  of 
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any  quantity  with  respect  to  Xi^  is  an  order  of  magnitude  slo¬ 
wer  than  the  variation  with  respect  to  Ax^,  and,  thus,  the  error 
in  f>i2  is  dominated  by  the  error  in  Q12  ■  In  the  following  we 

will  therefore  neglect  all  errors  except  those  in  Q^2  ■ 

We  have  so  far  considered  errors  due  to  signal  noise 
and  misalignment  of  the  laser  beams.  There  are  however  some 
additional  errors  that  must  be  considered.  These  are 

a)  Statistical  uncertainty  in  the  measurement  of  Q12  ■ 

b)  Errors  in  tte  determination  of  c' ,  Ci*. 

c)  Error  due  to  the  finite  size  of  the  measuring  control 

volumes. 

d)  Errors  in  the  determination  of  the  effective  distance 
between  the  two  measuring  points. 

e)  Particle  statistical  bias. 

0  Particle  density  bias. 


The  statistical  uncertainty,  in  the  measurement  of  Q12 ,  has 
been  investigated  experimentally.  In  a  certain  point  and  for  a 
certain  separation  we  measured  (2i3  20  times.  From  this  en¬ 


semble  of  Q\2  'Values,  the  mean  and  rms  values  could  be  cal¬ 
culated.  The  central  limit  theorem  then  tells  us  that  this  en¬ 
semble  can  be  modelled  as  having  a  Gaussian  distribution, 
and  thus  the  uncertainty  in  the  determination  of  the  mean 


value  of  Qi2 


can  be  estimated  as 


1.9^ 


at  95%  confidence. 


where  o  is  the  rms  value  of  the  ensemble.  We  found  that  if 
each  measurement  of  Q12  was  based  on  2.5  minutes  integra¬ 
tion  time,  the  enor  was  less  than  1%.  We  thus  concluded  that 
if  we  based  our  estimates  of  on  50  minutes  records  the 
corresponding  error  should  be  of  this  order  or  less. 

Errors  in  c*  and  enters  in  the  computation  of  the 
rms-values  multiplying  the  two-point  correlation  coefTicient 
in  equation  (36).  lliese  quantities  can  usually  be  determined 
within  1%,  and  thus  contributes  to  the  relative  error  in  the 
homogenous  dissipation  tensor  with  the  same  value. 

The  measurement  of  dissipation  is  essentially  a 
measurement  of  the  variances  of  spatial  derivatives  of  the 
velocity  components.  It  is  thus  clear  that  the  measuring 
control  volumes  must  have  a  linear  dimension  significantly 
smaller  than  a  distance  over  which  the  instantaneous  velocity 
changes  noticeably.  This  distance  is  the  Kolmogorov 
microscale.  In  our  experiment  this  scale  varied  from  about  70 
to  180 11m.  Our  measuring  control  volumes  had  a  shape  like  a 
circular  cylinder  with  diameter  45  11m  and  length  80  lun.  This 
is  considered  to  be  a  sufficient  spatial  resolution  to  make  the 
error  due  to  the  frnite  size  of  the  measuring  control  volume 
negligible. 

Errors  due  to  the  uncertainty  in  the  determination  of 
the  effective  distance  between  the  two  measuring  points  can 
be  evaluated  as  follows.  There  are  three  sources  of  this  error, 
an  imperfection  in  the  determination  of  the  position  where 
the  two  measuring  points  coincide,  Aq,  an  error  due  to  the  fact 
that  scattering  particles  cross  the  measuring  control  volume 
at  varying  positions,  Ap,  and  an  error  in  the  traversing  of  the 
two  measuring  control  volumes.  A,. 

The  frrst  error,  Aq,  was  evaluated  during  the 
adjustment  of  the  measuring  control  volumes.  We  found  that 
the  coincident  data  rate  changed  noticeably  when  we  moved 
one  of  the  measuring  control  volumes  a  distance  of  5  -  10  pm. 


This  turns  out  to  be  the  dominating  error  in  the  determination 
of  the  effective  distance  between  the  measuring  control 
volumes.  This  is  thus  our  estimate  of  the  zero  position  error. 

The  particles  cross  the  measuring  control  volumes  at 
arbitrary  positions.  The  separations  were  such  that  the  main 
flow  direction  had  one  of  the  relations  to  the  measuring 
control  volume  depicted  in  frgure  4. 

ttitti  tlltli 

c) 
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Figure  .4  The  possible  relations  between  the  inflow  of 
particles  to  the  measuring  control  volume  and  their 
separation. 

In  figure  4a)  the  measuring  control  volumes  are  separated 
along  their  longest  dimension  and  the  main  flow  direction  is 
from  below.  In  b)  the  measuring  control  volumes  have  been 
separated  in  the  main  flow  direction  and  in  c)  they  are 
separated  sideways  such  that  the  main  flow  is  coming  out  of 
the  paper.  It  is  immediately  realised  that  in  cases  a)  and  c)  the 
influence  of  the  randomness  in  position  of  the  particles  do 
not  change  the  effective  distance.  In  case  b)  we  examine  the 
cases  that  the  particles  give  samples  of  equal  probability 
either  anywhere  in  the  two  measuring  control  volumes  or 
anywhere  in  the  lower  halves  of  them.  In  either  case  we 
obtain  the  result  that  the  effective  distance  between  the  two 
measuring  control  volumes  is  unaffiected  by  the  randomness 
of  the  particle  position. 

The  third  position  error.  A,,  due  to  imperfect 
translation  of  the  probes  is  believed  to  be  very  small.  The 
mechanical  devices  used  for  the  translation  was  very  stable 
and  the  scales  used  to  read  the  translations  were  accurate  to 
within  2  pm.  A  check  on  the  translation  error  was  performed 
by  returning  the  probes  to  zero  distance  every  time  the 
measurements  at  the  longest  translation  was  finished.  We 
were  in  all  cases  able  to  recover  the  original  correlation 
coefficient  very  closely 

The  errors  in  the  primarily  measured  quantities  Qjj 
and  due  to  the  uncertainty  in  the  determination  of  the 

effective  distance  between  the  two  measuring  volumes  is 
dominated  by  the  zero  position  error  Aq.  In  order  to  estimate 

the  error  in  the  homogenous  dissipation  rate  tensor.  D^,  due 
to  this  error  a  numerical  simulation  was  performed.  The 
parameter  P2jj  in  equation  (19)  was  evaluated  for  three  sets  of 
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tepaniion  dittaoces.  comapoodiiig  to  do  »-10|un.  4o  ^  and 
do  ■H'lO  (un.  In  our  pankular  caae  we  found  that  pjjj  varied 
between  2  -  6%  at  different  poaitioa  at  the  centreline  in  our  jet 
now. 

Two  poisibte  sources  of  bias  errors  are  at  hand, 
particle  density  bias  and  paiticle  statistical  bias.  The  first  of 
these  is  due  to  the  fact  that  only  the  flow  coming  out  of  the  jet 
was  seeded.  The  How  was  however  recirculated  and  the  flow 
was  seeded  at  short  time  intervals,  which  indicates  that  the 
seeding  level  should  be  fairly  uniform.  Although  we  cannot 
give  a  quantitative  estimate  of  the  error  due  to  this  effect  we 
believe  that  it  is  smaller  than  or  at  the  most  of  the  same  ordo' 
of  magnitude  as  the  averaging  error,  i.e.  of  the  order  of  1%. 

It  is  well  established  that  the  particle  statistical  bias 
is  caused  by  the  increased  probattility  to  obtain  a  sample 
when  the  volume  flow  rate  through  the  measuring  control 
volume  is  high.  One  can  correct  for  this  effect  in  single  point 
measurements  by  wei^iting  each  sample  with  the  recifHOcal 
of  the  volume  How  rate,  see  e.g.  McLaughlin  &  Hederman 
(1973)  or  Budihave  et  al  (1979).  In  two  point  measuremeott 
the  situation  is  slightly  more  complicated,  but  in  our  case  it 
is  simplified  by  the  fact  that,  ^e  to  the  short  distance 
between  the  measuring  control  volumes,  the  volume  flow  rate 
is  very  nearly  the  same  in  both  points.  The  proper  weighting 
factor  is  then  again  the  recipro^  of  the  volume  flow  rate 
through  either  of  the  measuring  control  volumes.  In  all  our 
measuremente  we  have  measured  the  longitudinal  velocity 
component  in  at  least  one  of  the  measuring  points.  i.e.  even 
when  the  primary  interest  was  to  measure  the  two  radial  or  the 
two  tangential  velocity  components.  In  this  way  we  were  able 
to  correct  properly  for  the  particle  statistical  bias  effea  in  all 
measurements. 

We  have  thus  found  that  two  sources  of  error 
dominates,  the  error  due  to  misalignment  of  the  laser  beams 
and  the  error  due  to  the  zero  position  offeet.  Our  analysis 
shows  that  the  total  error  in  the  homogenous  dissipation  rate 
tensor  thus  can  be  estimated  to  be  of  the  order  of  3  •  10%. 


S.  S(»«ERESULTSANDIXSCUSSiON 

We  shall  show  some  examples  of  our  results  obtained  along 
the  centreline  of  the  jet  and  limit  ourselves  to  the  diagtmal 
elements  of  the  homogermus  dissipation  rate  tensor.  At  the 
centre  line  all  the  off-diagonal  elements  are  zero.  Figure  3 
shows  the  two-point  correlation  coefficient  C22  at  X|/d>60, 
for  sqwrmions  in  the  three  co-ordinate  directions.  It  can  be 
seen  that  C22  decreases  roughly  twice  as  fast  in  the  X|- 
direction  as  in  the  X2-direction.  In  isotropic  turbulence  this  is 
expected,  but  we  would  also  have  expected  that 
C22(AX|)sC22(Ax3)  which  clearly  is  not  the  case  in  our 
measurements. 

A  dearer  impresston  of  the  second  dedvatives  of  the 
correlation  coeffidentt  is  obtained  by  plotting  it  versus  the 
square  of  the  separation  distance.  This  is  done  for  i>^l  in 
figure  6.  The  open  symbols  show  C||  versus  (Ax2/X|)^  at 
X|/ds20,  40  and  60.  It  can  be  seen  that  Cn  drops  with  a 
constant  slope  down  to  approximately  0.93.  The  dmninating 
terms  in  the  series  expansion,  equation  (19),  are  thus  po,|| 
and  P2,ii>  the  latter  bang  half  the  second  derivative  of  Cn 
with  respect  to  Ax2.  The  estimated  values  of  P2,i  1  shown  in 
the  figure  are  obtained  by  fitting  the  data  to  the  polynomial 
(19)  including  tbe  (Ax2)*-term,  but  no  higher  order  terms. 
Included  in  the  plot  is  a  measuremoit  of  Cti  versus  (Ax^xi)^ 


Hgure  3.  The  two  poim  cmrelation  coeffident  C22  for 
separation  of  tbe  measuring  poinu  in  the  three  co-ordinate 
directions  at  the  centre-liiK.  M  diameters  downstream  of  tiie 
nozzle. 

at  X)/da40  (filled  squares),  which  should  be  identical  to  the 
measurements  for  separation  in  the  X2-directioo.  Although 
the  measurements  differ  slightly  at  large  separations  tbe 
estimated  values  of  P2,ii  are  very  close. 

A  sensitivity  analysis  of  tbe  influence  of  tbe  zoo 
position  error  was  made  using  these  data.  It  was  found  that  a 
podtion  error  of  10  )im  changed  tbe  estimated  value  of  P2 


Hgure  6.  Cn  tm  tbe  centre-line.  20,  40  and  60  diameters 
downstream  of  tbe  nozzle. 


Figure  7.  Nonnalised  second  derivatives  of  c„  . 

with  about  6%  at  xi/d=20,  decreasing  to  about  2%  at  X|/d=60. 

At  the  centre-line  was  found  to  be  very  close  to 

a  constant,  why  9^2J/3(Axt)^  becomes  S^^Q7d(Ax*)^, 
for  is].  This  sum  over  k,  and  its  elements  are  shown  in  figure 
7,  normalised  with  -Xj^  /Ud*.  Note  that  is 

equal  to  d^a|^/d(Ax2)^due  to  symmetry. 

Figure  8  shows  d^^/dfAr^)^  and  its  components 


Figure  8.  d^Cj,/d(Axt)^and  its  elements  normalised  with 

-Xj^AJci^. 


from  the  different  two-point  correlations,  once  again 
normalised  by  -X|^/Uci^.  If  the  flrst  term  on  the  right  hand 

side  of  equation  (36)  is  neglected,  this  r^nesents  D*  /2v, 
and  its  components. 

All  quantities  shown  in  figures  7  and  8  should  go  to 
zero  near  the  nozzle  and  become  independent  of  Xj/d  if  the  jet 
was  self  similar. 

The  normalised  value  of  the  scalar  dissipation,  Dii/2, 
can  be  obtained  from  figure  8,  if  the  inbomogenous  part  is 
neglected.  Normalising  the  kinematic  viscosity  with  Z|  Ud 

yields  /2f/d=0.2S3  at  xi/d=60.  A  number  of  estimates 
of  this  value  have  been  published,  preferably  in  the  self 
similar  region  and  at  higher  Reynolds  numbers.  Maybe  the 
best  comparison  is  made  with  Panchapakesan  &  Lumley 
(1993),  who  obtained  the  value  of  0.174  (32%  lower)  from  an 
energy  balance  in  an  air-jet  at  Re  =  1 1  000. 


6.  (XMCLUSIONS 

We  have  here  repotted  on  a  method  by  which  all  the  elements 
in  the  dissipation  rate  tensor  can  be  measured  directly.  This  is 
accomplishMl  by  putting  the  expressions  for  the  dissipation 
rate  tensor  into  a  form  which  contains  second  derivatives  of 
the  two  point  correlation  with  respect  to  the  separation 
between  ^e  points  and  second  derivatives  for  the  Reynolds 
stresses  with  respect  to  the  position  for  the  homogenous  part 
of  the  dissipation  rate  tensor  and  mixed  second  order 
derivatives  of  the  same  quantities  for  the  inbomogenous  part 

The  method  works  for  flows  with  Kolmogorov 
microscale  of  the  order  of  100  pro  or  larger.  It  should  be 
possible  to  extend  this  to  higher  Reynolds  number  flows  by 
using  more  expanded  beams  and  very  stable  high  precision 
mechanical  traversing. 

It  has  been  shown  that  error  bounds  can  be  computed 
for  the  different  elements  of  the  dissipation  rate  tensor.  It 
turns  out  that  an  accuracy  of  the  order  of  S-10%  is  attainable. 

The  method  has  one  severe  drawback;  it  is  extremely 
time  consuming.  To  obtain  the  complete  dissipation  rate 
tensor  in  one  point  will  typically  require  seve^  days  of 
measurements. 
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ABSTRACT 

The  mixing  process  of  a  single  jet  in  a  parallel  flow  and 
in  a  ctoss*flow  has  been  studied  experimentally  by  a 
<|uaiititative  visualization  mediod.  The  jet  gas  was 
widi  micron-sized  particles  wdioee  scattered  li^t  in  a  laser 
sheet  was  video  recorded.  Subsequent  image  processing, 
including  calibration  data  for  geometrical  ditfortion  and 
die  distribution  of  light  intensity,  produced  quantitative 
distributions  of  concentration.  Ilie  distributions  of  ntemn 
concentratiao  for  die  jet  in  a  paralld  flow  show  good 
agreement  widi  siiiiilatity  aoludons. 


1.  INTRODUCTION 

Injection  of  jets  of  gas  into  a  channel  flow  provides  for  a 
simple  and  often  effective  nii»in£  process.  Its  purpose 
may  be  mther  to  cool  the  near-wall  flow  or  to  es^lidi  a 
controlled  chemical  reaction  in  the  bulk  flow.  A  single  jet, 
or  an  array  of  jets,  injected  into  a  cross-flow,  are 
deflected  and  develop  secondary  vortex  flows  with  thin 
shear  layers  and  strong  entrainment,  which  is  assumed  to 
contribute  to  effective  mixing.  The  effectiveness  and  rate 
of  mixing,  the  latter  being  important  in  many  chemically 
reacting  nuxtures,  depend  on  nozde  type,  initial  jet 
velocity,  possible  swirl,  and  the  spacing  of  jets  in  an 
array.  To  experimentally  determine  the  mixing 
chancterisdcs  and  select  optimal  configurations  it  would 
be  expedient  to  use  a  full  field  technique  such  as  light 
duet  tomognqihy. 

The  literature  on  velocity  distributions  is  fiurly 
conqilete  for  the  single  round  jet  into  a  stagnant  fluid  (see, 
e.g.  Schlicbting  1968).  For  round  jets  in  a  cross-flow,  a 
nunfoer  of  studies  have  been  made  on  both  the  single  jet 
(Fatrick  1967;  Le  Grivbs  1978;  Andreopoulos  &  Rodi 
1984)  and  for  a  row  of  jets  (Kim  &  Benson  1993).  The 
study  of  scalar  mixing  processes  include  velocity  and 
temperature  distributions  in  j^  (Schlicbting  1968), 


concentration  distributions  for  different  gas  densities  by 
gas  diromatogn{diic  analysis  of  sam|des  (Era  &  Sauna 
1977)  or  by  infnied  imagmy  (Gorge  &  Page  1993).  Other 
tedmiques  include  ehfoorate  schemes  of  Mie-scattering 
and  laser-induced  flourescence  (Messersmith  Sl  Dutton 
1992),  beam  deflection  tomography  (Cohat  et  al  1992), 
and  pulse  laser  visualization  (Zhang  Sc  Bray  1992),  which 
is  required  to  resolve  detailed  structures  needed  for  the 
statistics  of  flame  wrinkling. 

The  present  experimeatal  study  pursues  the  idea  of  a 
siin|de  visualization  technique  which  was  presented  in  a 
preliminary  study  by  (Anhesen  et  al  1993).  This  study 
has  demonstrated  die  feasil^ty  of  obtaining  quantitative 
concentration  distributioos  in  |danes  intersected  by  a  laser 
sheet  in  the  mixing  zone  of  a  single  jet  or  arrays  of  jets  in 
a  cross-flow.  The  jet  gas  was  seeded  with  O.S-3  lun 
diameter  glycerol  droplets  from  an  atomizer  and  the  image 
of  die  laser  dieet  section  with  the  flow  was 


Fig.  1  Experimental  setup  (schematic) 

recorded  on  video  tape.  Subsequent  image  analysis,  using 

also  calibration  records  of  scattered  intensity  over  die  view 


field  and  correcting  for  projection  geometry,  gray-scale 
iso-concentration  contours  were  resolved.  The  calibration 
records  of  scattered  intensity  relied  on  calcul-ated  Mte- 
scattering  intensity  variations  over  the  field  of  view 
combined  with  measured  incident  int^isity  obtained  by  use 
of  an  inclined  plate  of  polyacetate.  The  present  stvdy,  on 
the  other  hand,  relies  on  a  single  direct  calibration  record, 
obtained  after  filling  the  wind  tuimel  with  a  uniform 
concentration  of  seeding  particles.  In  addition,  results  are 
presented  on  the  statistics  of  mixing  processes  for  jets  in 
parallel  flow  and  mean  fields  have  been  compared  to 
theoretical  predictions. 

2.  EXPERIMENT 

2. 1  Flow  System 

Visualization  experiments  were  carried  out  in  a  0.2X0.2 
m  by  1.0  m  long  test  section  of  a  wind  turmel  (Figure  1), 
having  3  sides  made  from  float  glass  and  one  side  from 
PVC  in  which  nozzles  for  jets  could  be  mounted.  Using  a 
blower  placed  downstream,  air  was  drawn  through  an  inlet 
section  with  screens  giving  a  uniform  bulk  flow  of  = 
0.8  m/s  or  1.1  m/s,  as  determined  from  the  calibrated 
flowmeter. 

Two  jet  arrangements  were  studied:  a  single 
axisymmetric  jet  in  parallel  flow,  and  1  (or  3)  jets  in  a 
cross-flow.  The  axesymmetric  jet  issued  at  the  centerline 
of  the  test  section  from  an  L-shaped  stainless  steel  tube 
(3.2/2  0  mm  dia.)  mounted  in  the  PVC-wall,  70  nun 
upstream  of  the  jet  exit.  Two  jet  velocities  were 
considered,  U,  =  57.3  m/s  and  28.7  m/s,  corresponding 
to  Re  =  djUJv  =  7600  and  3800.  Jets  in  cross-flow 
issued  from  convergent  nozzles  (2.0  mm  dia.  at  exit) 
mounted  flush  in  the  PVC-wall  of  the  test  section.  One  jet 
was  located  in  the  midplane  while  jet  spacing  was  SO  mm 
in  case  of  3  jets.  Only  the  low  jet  velocity  of  I/,  =  28.7 
m/s  was  employed  for  jets  in  cross-flow,  and  at  U.  =  1.1 
m/s,  implying  a  momentum  flux  ratio  of 
=  26.1  . 

The  jet  flows  were  seeded  with  0.5-3  ftm  diameter 
glycerol  droplets  (density  1260  kg/m’  and  index  of 
refraction  1.4746)  generated  in  an  atomizer.  The  flow  was 
determined  from  the  pressure  measured  in  a  chamber 
upstream  of  an  orifice  plate  through  which  the  flow  was 
critical. 

2.2  Optical  System 

A  plane  light  sheet,  oriented  perpendicular  to  the  direction 
of  bulk  flow  and  covering  the  full  flow  area  of  the  test 
section,  was  generated  by  an  air  cooled  argon-ion  laser 
(Uniphase  2013),  fitted  with  a  standard  fiber  optics  of  40” 


sheet  angle  (Dantec  9060  x  5001). 

The  light  scattered  from  the  seeding  droplets  of  the  jet 
flow  was  viewed  by  a  monochrome  video  camera  (Cohu 
6510).  The  camera  head  contains  a  1/2  inch-format  CCD 
image  sensor  and  related  support  circuits.  The  active 
imaging  area  is  6.4  mm  by  4.8  nun,  with  an  array  of  739 
horizontal  by  484  vertical  picture  elements,  each  of  256 
grey  levels.  The  camera  control  unit  (CCU)  allows  manual 
gain  control  and  adjustments  to  ensure  a  linear  response. 
These  features  were  essential  to  yield  quantitative  data. 

The  camera  sigiuds  were  stored  on  SVHS  video  t^>es 
at  a  framing  rate  of  fifty  half-pictures  per  second.  The 
exposure  time  of  each  frame  was  about  1/60  s.  Individual 
pictures  were  captured  from  the  video  tape  by  a  frame 
grapper.  These  digitized  pictures  have  a  resolution  of  512 
by  512  picture  elements  with  256  grey  levels. 

2.3  Image  Processing 

All  recorded  images  were  corrected  for  geometric 
distortion  and  for  nonuniform  scattering  intensity,  so  as  to 
provide  quantitative  results  of  concentration  distributions 
of  the  seeded  jet  flows. 

The  geometrical  distortion  is  shown  i  Figure  2  (top) 
for  a  plate  with  a  reference  square  gnd  placed  at  the 
location  of  the  light  sheet.  The  optical  axis  of  the  camera 
was  aligned  with  the  midplane  of  the  test  section  and 
viewed  the  light  sheet  at  a  scattering  angle  of  32°.  Given 
also  the  solid  angle  of  view  of  the  camera,  however,  the 
transformation  of  the  recorded  image  to  one  viewed  in  the 
direction  of  the  normal  to  the  light  sheet  can  be  readily 
calculated  from  geometric  optics  (see  Andresen  et  al  1993 
for  equations).  This  transformation  was  applied  to  each 
recorded  image.  Figure  2  (bottom)  shows  the  reference 
grid  after  such  a  transformation,  as  well  as  the  superposed 
square  grid  of  +niarks,  spaced  25  mm  apart,  which  were 
inserted  as  part  of  the  image  processing.  The 
transformation  is  accurate  to  within  about  2  mm  over  the 
200  x200  mm  flow  area. 

At  any  small  volume  in  the  light  sheet,  the  recorded 
intensity  of  scattered  light  from  seeding  particles  is 
proportional  to  the  local  concentration  of  particles,  the 
intensity  of  incident  light,  and  the  scattering  angle.  This  is 
true  also  for  particles  that  are  not  monodisperse  as  long  as 
their  size  distribution  is  the  same  at  all  locations.  But  the 
incident  intensity  is  not  constant,  due  to  divergence  of  the 
laser  sheet,  and  the  scattering  angle  varies  over  the  field 
of  view.  These  latter  effects  were  calibrated  out  by 
recording  the  light  scattered  from  the  laser  sheet  when  the 
bulk  flow  was  seeded  uniformly  with  the  same  particles. 
The  result,  after  correction  for  the  geometric  distortion,  is 
shown  in  Figure  3.  Here,  as  in  final  images  presented 
below,  a  cyclic  grey  scale  processing  has  been  introduced 
to  merely  facilitate  interpreution  of  the  black-and-white 
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Pig.  2  Image  of  reference  grid,  as  recorded  (top)  and 
after  transformation  (bottom) 


Fig.  3  Image  of  scattered  light  intensity  distribution  for 
uniform  seeding  of  bulk  flow 

digitally.  This  fairly  low  number  of  frames  is  due  to  the 
fact  that  each  captured  frame  takes  up  0.25  MB  of 
memory.  Alternatively,  the  averaging  can  be  done  over 
long  period  in  the  camera  before  an  image  is  digitized  by 
the  frame  grapper.  This  feature  was  not  utilized  since  only 
half'frames  were  used  to  ensure  positional  accuracy. 

3.  RESULTS 

In  each  test  series,  after  establishing  steady  flow 
condition,  a  series  of  short  video  recordings  were  made  at 
selected  axial  position  downstream  of  the  jet  exit  at  x  = 
0  mm. 

3.1  Single  Jet  in  Parallel  Flow 


reproduction.  The  grey  scale  bar  at  the  top  of  the  image 
gives  here  7  cycles,  starting  from  the  lowest  intensity  (to 
the  left)  and  increasing  to  the  right.  As  seen,  the  light 
sheet  enters  the  picture  from  the  right. 

All  images  were  thus  processed  for  geometric 
distortion  and  variation  of  scattered  light  intensity.  The 
resulting  image  was  then  inverted  and  the  grey  scale  was 
scaled  to  represent  relative  concentration  by  equating  the 
concentration  at  the  jet  exit  to  unity.  At  the  top  of  each 
image  this  is  shown  as  the  right  most  (black)  grey  scale, 
while  zero  relative  concentration  corresponds  to  the  left 
most  (white)  grey  scale.  Distributions  of  mean  concen¬ 
tration  were  obtained  by  averaging  16  smgle  frames 


Successive  half-frames  in  a  record  at  jt  =  80  mm  (Figure 
4)  show  moderate  differences  in  structure,  while  the  16- 
frame  average  is  representative  of  the  mean  concentra¬ 
tion.  The  velocity  at  z  =  80  mm  is  estimated  to  be  about 
5  m/s  at  the  centerline,  hence  an  about  20  mm  diameter 
by  about  80  mm  long  column  will  have  swept  through  the 
light  sheet  during  the  exposure  time  of  about  1/60  s.  The 
single  frames  therefore  represent  an  averaging  of  all  small 
spatial  scales  and  only  large  scales  of  the  mixing  process 
can  be  resolved.  As  the  velocity  of  the  jet  decreases 
downstream,  smaller  and  smaller  scales  can  be  resolved. 

Figure  5  shows  the  axesyrmnetric  development  of 
mean  concentration  for  4  axial  locations.  According  to  the 
cyclic  grey  scale,  the  relative  concentration  at  the 
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ceoterline  has  dropped  to  about  0.4  x  —  100  mm,  for 
example. 

Figure  6  shows  line  plots  of  concentntioD  profiles 
along  one  (horizontal)  diameter  at  8  axial  position.  The 
quality  of  this  data  could  be  improved  by  using  a  less 
coarse  grey  scale  and  averaging  several  diametrical 
sections  at  each  axial  postion,  but  this  was  not  done. 


♦'  ♦  ♦ 


Fig.  4  Single  jet  in  parallel  flow,  x  ^  80  mm.  3  succes¬ 
sive  frames  and  the  mean  of  16  frames  (lower 
right).  Cyclic  grey  scale  as  in  Fig.4  for  x  =  60 
and  100  mm 


Fig.  5  Single  jet  in  parallel  flow.  Mean  concentration 
distributions  at  x  «  20,  40,  60  and  100  mm 


From  the  dau,  the  axial  development  of  jet  half-width 
and  centerline  concentration  C./Q  could  be  obtained,  as 
shown  in  Figure  7.  The  least  squares  fit  to  the  data  can  be 
expressed  as 

f>oj  =  0.0847  X  ,  CJQ  =•  25.41  x^*”  ,  (1) 

where  x  and  6^^  are  in  units  of  mm. 

3.2  Jets  in  Cross-Flow 

Successive  half-frames  in  a  record  at  x  =  80  mm  (Figure 
8)  show  large  differences  in  the  ^ructures  resolved,  while 
the  16-frame  average  is  again  representative  of  the 
distribution  of  mean  concentration.  The  velocity 
distribution  was  not  measured  locally,  but  is  estimated  to 
be  close  to  the  bulk  velocity  of  (/.  =  1.1  m/s.  Hence, 
scales  larger  that  about  10-20  mm  should  be  resolved.  The 
effectiveness  of  the  mixing  process  in  cross-flow,  as 
compared  to  that  of  a  jet  in  parallel  flow,  is  clearly  seen 
by  comparing  Figures  8  and  4. 

Figure  9  shows  sections,  at  8  axial  positions,  of  the 
single  jet  in  cross-flow,  revealing  the  well-known 
development  of  two  counter  rotating  vortices.  The  ratio  of 
jet  to  bulk  volume  flow  was  about  0.8%,  but  the 
momentum  flux  of  the  jet  sets  tq>  secondary  flows 
contributing  to  the  mixing  process.  As  the  jet  gas  spreads 
downstream  to  fill  the  vt^  tunnel,  wall  effects  were 
observed  to  appear,  drawing  tlm  jet  gas  closer  to  one  wall. 

Using  3  wall  jets,  with  the  center  jet  seeded  (not 
shown),  suppresses  sideways  dispersion  and  secondary 
flows  but  increases  the  penetration  due  to  increased 


Radius  r  (mm] 


Fig.  6  Distributions  of  relative  concentration  along  diam¬ 
etral  section  at  various  axial  positions  of  single  jet 
in  parallel  flow 
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momentum  flux  and  entrainment.  For  further  data  on 
multiple  jets,  we  refer  to  the  earlier  study  by  Andresen  et 
al  (1993). 

4.  ANALYSIS  OF  SINGLE  JET  IN  PARALLEL  FLOW 

The  classical  similarity  solution  to  the  velocity  distribution 
of  the  turbulent,  free,  round  jet  issuing  into  a  stagnant 
fluid  is  based  on  the  simple  eddy  viscosity  model,  a,  >■ 
14  ^  constant,  where  boj  is  t^  half-width  and  I4  fl>c 
centerline  velocity.  This  simple  algebraic  model  is 
consistent  with  the  experimentally  observed  approximate 
relations,  see  also  (1), 

hoj  -  Jc ;  £4  «  X  *  ,  (2) 


velocity  field  is  governed  by  the  thin  shear-layer 
approximation 

du/dx  +  (l/r)d/dr<rv)  «  0  ,  (3) 

udulbx  +  vduldr  =  (a,/r)d/dr(r9«/dr)  ,  (4) 

subject  to 

dit(x,0)ldr  *  0;  v(x,0)  *  0;  ii(x,ao)  =  0  ,  (5) 

which  accepts  a  similarity  transformation  in  terms  of 
11=  rlx\  u  *  v  =  (a,/x)(f  *  (6) 

and  transforms  into  the  ordinary  differential  equation 


where  x  denotes  axial  position.  Ignoring  the  molecular 
diffiisivity  and  taking  the  pressure  to  be  uniform,  the 


Fig.  7  Axial  variation  of  centerline  concentration  (top) 
and  half-width  (bottom)  of  single  jet  in  parallel  flow 


AO)  =  0;/*(0)  -  0  , 


(7) 


where  a  prime  signifies  differentiation  with  respect  to  i;. 
The  remaining  boundary  condition  is  related  to  the  total 
momentum  of  the  jet,  K  ^  Jlp  ^  {TlA)d^U^,  or  the 
centerline  velocity  14,  and  may  be  expressed  as 


lim^(CVi|)  «  uyt/r,  =  (3liT)Kli>t^  •>  460.5  ,  (8) 


according  to  the  experiments  of  Reichaid  ^see,  Schlichting 
1968),  using  the  empirical  value  ^  0.0161  .  For  a 
jet  in  parallel  uniform  flow,  the  velocity  u  equals  the 
excess  vdocity  ovm-  that  of  the  bulk  flow. 


Fig.  8  Single  jet  in  cross-flow,  x  «  80  mm.  3  successive 
frames  and  the  mean  of  16  frames  (lower  right) 
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Fig.  9  Single  jet  in  cross  flow.  Mean  concentration  at  x  =  0,  10.  20.  40.  60.  100.  120  and  140  mm 


The  concentration  distiibuti<»  of  jet  gas.  assuming 
local  analogy  between  mass  and  momentum  transport, 
hence  a  constant  eddy  difliisivity  D^  -  1',/Sc,  where  Sc 
denotes  the  Schmidt  number,  is  governed  by 

udcldx  +  vdddr  =  (DJr)dldrirdc/dr) , 

(9) 

c(0,r)  =  Q;  dc{x,0)/dr  -  0;  c(x,oo)  =  0  . 

It  accepts  the  similarity  transformation  (6)  and 

c(x,r)/Co  =  g{ri;Sc)lJx  .  (10) 

4  being  a  reference  length,  and  transforms  into 


7lg’  +  (1  +  Sc  fig’  +  Scf’g  =  0  , 
g(0)  =  1;  g(«)  =  0  . 


(11) 


Note,  that  (11)  reduces  to  (7)  for  g  »  f’lri  at  Sc  =  1. 

Numerical  integration  of  (7)  and  (11)  gives  velocity 
distribution  and,  for  a  given  value  of  Sc,  concentration 
distribution,  both  of  u4iich  are  functions  of  r/  and  may  be 
normalized  to  unity  centerline  values.  However,  to 
con^wre  to  normalized  experimental  data  on  distributions 
of  concentration,  the  relation  between  r/hoj  uxl  V  he 
known.  Since  the  velocity  distributions  were  not 
measured,  the  empirical  boundary  condition  (8)  was  used, 
yielding  the  value  ™  0.0848  at  the  velocity  half-width. 


This  gives  the  relation  r/boj  —  i)/0.0848 ,  udiich  was  used 
to  plot  numerical  solutions  for  Sc  «  i  ud  Sc  -  1.2 
shown  in  Figure  10.  After  testing  a  number  of  values,  the 
value  Sc  =  1.2  was  found  to  be  the  best  estimate, 
implying  an  expected  lower  diffusivity  of  micron-sized 
particles. 


5.  DISCUSSION  AND  CONCLUSIONS 

The  present  study  has  demonstrated  the  utility  of  a  simple 
visualization  method  that  gives  full  field,  quantitative 
concentration  distributions  of  a  mixing  process.  In  the 
method,  one  stream  is  seeded  with  micron-sized  particles 
whose  concentration  is  assumed  to  represent  the 
concentration  of  this  stream.  The  light  scattered  from  a 
laser  sheet  intersecting  the  flow  at  selected  planes  is 
recorded  on  video  for  susequent  image  analysis. 
Calibration  for  geometric  distortion  of  the  recorded  image 
and  the  nonuniform  scattering  intensity  is  required,  but  is 
readily  achieved. 

The  results  obtained  for  the  single  jet  in  a  parallel 
flow  validate  the  method  in  regard  to  giving  quantitative 
results  for  distributions  of  mean  concentration.  Also,  an 
estimate  of  the  turbulent  Schmidt  number  for  the  micron¬ 
sized  particles  used  (Sc  •»  1.2)  was  obtained.  Therefore, 
flows  with  more  complex  mixing  processes,  such  as  jets 
in  a  cross-flow  (Figure  9),  may  be  readily  studied  and 
interpreted  in  light  of  conqiutational  results  on  the 
assunqHion  tiuU  the  Schmidt  number  ranains  undianged. 
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ABSTRACT 

The  present  study  was  carried  out  in  the  subsonic  wind 
tunnel  of  the  Technical  University  of  Dresden.  A  modified  two- 
dimensional  iaseroptical  concentration  measurement  technique 
for  measuring  within  large  planes  has  been  developed.  Using 
laser  light  sheet,  light  scattering  by  small  glycerine-water- 
droplets  and  digital  image  processing,  concentrations  can  be 
measured  within  a  plane  of  a  flow  field  nonintiusively.  The  light 
scattered  by  particles  moved  within  the  light  sheet  is  be  recorded 
using  a  CCD-camera.  Using  the  developed  software  package 
OPTOKONZ  the  recordings  can  be  onrected  corresponding  to 
the  actual  recording  conditions  without  questionable  "calibrating 
images".  Both  time  averaged  concentrations  and  temporary 
recordings  can  be  converted  to  concentration  fields.  The 
resulting  data  have  the  advantage  of  being  both  quantitative  and 
visually  interpretable.  First  results  and  comparisons  with 
conventional  concentrations  measurements  agree  quite  well. 

1.  MOTIVATION 

Due  to  the  increasing  influence  of  people  on  environment, 
investigations  on  problems  of  air  pollution  and  dispersion  of 
pollutants  become  important  in  qtplied  aerodynamics  research. 
Beside  numerical  models,  wind  turmel  tests  are  often  used  to 
determine  the  effects  of  buildings  and  topographie  on  gas  dis- 
persitm  in  the  atmospehric  boundary  layer.  Up  till  now,  wind 
turmel  modeling  is  the  most  appropriate  method  for  figuring  out 
dispersion  of  pollutants  and  wind  comfort  in  complex  urban 
areas.  Even  air  pollution  by  cars  or  heavier  than  air  gas  disper¬ 
sion  may  be  modeled  in  a  boundary  layer  wind  tunnel.  In  a 
boundary  layer  wind  turmel,  essential  parameters  (like  mean 
velocity  profile,  turbulence  intensity,  turbulence  lengfii  scale  ...) 
of  the  atmospheric  boundary  layer  are  modeled  correctly.  At  the 
subsonic  wind  turmel  of  the  Technical  University  of  Dresden 
several  projects  concerning  flow  and  diffusion  in  atmospheric 
boundary  Ityers  are  going  on. 


When  modeling  problems  of  air  pollution  in  a  boundary 
layer  wind  tunnel,  concentration  measurettrents  are  requires' 
fiequently.  Not  only  for  studies  on  emission  or  imission  of  gases 
or  dyes,  tests  with  tracer  gases  must  be  carried  out  Tracer  grs 
measurements  ate  also  useful  for  test  tuns,  concerning  tlw 
ventilation  of  cities.  The  conventional  wi^  of  concentratiot! 
measurement  is  the  following.  At  positions,  where  emissiotts 
should  be  simulated  within  the  model,  a  mixture  of  tracer  gases 
and  air  is  emitted  into  the  flow.  The  tracer  gas  concentrations  in 
the  modeled  area  may  be  measured  by  samplirrg  and  analysirtg  a 
sample.  Using  today's  equipment,  it  is  possible  to  measure 
flucttrating  concentrations  with  sampling  rates  up  to  200  Hz 
PIFR  400,  Combustion  Ltd.].  The  pros  and  cons  of  conventional 
concentration  measurement  techniques  are  wellknown. 

On  one  hand  the  accuracy  of  tracer  gas  measurements  is 
very  high.  On  the  other  hand,  much  time  is  needed  to  handle 
many  points  of  measurement  A  large  number  of  measurements 
is  required  to  get  a  sufficient  resolution  of  the  investigated  con¬ 
centration  field  when  using  single  point  measurement 
techniques.  Multi  point  measurements  ate  costly  when  using 
conventional  instrumentations.  In  order  to  better  understand 
processes  of  diqtetsion  of  pollutants  in  urban  areas  or  in  the 
natural  wind  it  is  very  useful  to  measure  concentrations  in  a 
plane.  Thus,  it  would  be  possible  to  pursue  the  spreading  of 
pollutants  not  only  in  time  at  one  point  but  also  in  qwee.  In 
several  p^)ers  the  benefits  of  2d-laseroptical  concentration 
measurements  using  die  laser  light  sheet  method,  light  scattering 
by  small  particles  and  digital  image  processing  are  described 
(see  lit].  Mostly,  the  instrumentations  used  for  Iaseroptical 
concentration  measurements  are  developed  for  single  use  in  a 
specific  experimental  arrangement  at  particular  measuring 
conditions.  To  prevent  unfiivorable  conditions  of  light 
scattering,  small  measuring  planes  are  realized.  Uneven  light 
distributions  in  the  light  sheet  are  corrected  by  so-called 
"calibrating  images".  The  attenuation  of  laser  light  due  to  the 
light  scattering  by  particles  is  usually  neglected  for  small 
measuring  planes.  Therefore  the  described  instrumentations 
cannot  be  applied  without  restrictions  on  large  measuring  planes 
that  are  typical  of  a  large  wind  turmel.  So  a  modified  in¬ 
strumentation  was  developed  to  carry  out  effective  two-dimen- 
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sional  laseroptical  concentration  measurements  in  rectangular 
measuring  planes  with  more  than  400  mm's  length  in  each  di¬ 
rection.  The  modified  instrumentation  is  easy  to  operate  and 
independent  of  restrictions  like  above  mentioned  experimental 
arrangements  or  the  need  to  use  "calibrating  images". 

2.  BASICS 

Two-dimensional  laseroptical  concentration  measurements 
base  on  the  laser  light  sheet  method  for  flow  visualization.  A 
flow  field  is  being  seeded  with  small  scattering  particles,  which 
follow  the  flow  without  "slip".  If  these  particles  pass  a  thin  light 
plane  placed  in  the  flow  field,  light  will  be  scattered  out  of  the 
light  plane  (see  Figure  1).  In  general,  the  intensities  of  light 
scattered  from  the  particles  are  proportional  to  the  local  particle 
density  in  the  light  sheet  (see  van  de  HuUt  J98J).  If  the  seeded 
gas  mixes  with  the  unseeded  air  into  the  wind  tunnel,  the  num¬ 
ber  of  scattering  particles  in  each  unit  volume  of  the  flow  field 
will  be  reduced  and  the  intensity  of  scattered  light  will  diminish 
proportionally.  When  mixing  the  seeded  gas  with  unseeded  air 
in  a  boundary  layer  wind  tunnel  the  dispersion  of  particles  re¬ 
present  the  turbulent  mixing  mechanism  only.  Because  the  dis¬ 
persion  of  gases  in  the  natural  boundary  layer  is  determined 
principaly  by  the  turbulent  motion  of  the  flow,  the  mixing  of 
gases  due  to  the  molecular  agitation  (Brownian  diffusion)  can  be 
neglected.  The  Lorenz/Mie  scattering  (i.e.,  scattering  fiom 
particles  with  sizes  on  the  order  of  the  wavelength  of  light  used 
for  generating  the  light  sheet)  is  used  for  the  instrumentation  to 
be  presented  here.  Using  Lorenz/Mie  scattering,  the  intensities 
of  scattered  light  are  much  stronger  than  using  laser  induced 
fluorescence. 


Figure  1 :  Light  scattering  by  particles  moved  within  a  laser  light 
sheet  (schematically). 

The  spatial  concentration  field  can  be  dicemed  in  two  di¬ 
mensions  at  a  moment,  using  a  CCD  camera  system.  An  image 
can  .c  digitized  and  stored  using  an  image  processing  system. 
Depc.>Jing  on  the  available  video  memory  of  the  image  proces¬ 
sing  system  shor*  series  of  images  can  be  grabbed.  It  is  possible 
to  calculate  time  averaged  images  from  many  snap  shots.  After 


digitizing  the  images  there  are  discrete  grey  values  within  the 
image  that  represent  the  intensities  of  the  recorded  light. 

To  calculate  particle  or  gas  concentrations  from  the  grey 
values,  some  essentia]  factors,  the  recorded  grey  values  are  de¬ 
pending  on,  must  be  considered.  First  of  all  the  light  intensities 
within  the  unseeded  light  sheet  are  not  uniform.  Depending  on 
the  kind  of  creating  the  light  sheet  there  are  several  kinds  of 
light  distributions  like  Gaussian  intensity  profiles  when  using  an 
"ideal  cylindrical  lens".  In  "real"  light  sheet  systems  using 
cylindrical  lenses,  it  is  difficult  to  describe  the  light  intensity 
within  the  light  sheet  because  of  the  non-Gaussian  laser  beam, 
the  contamination  of  the  lenses  and  their  distortion.  The  non- 
uniform  distribution  of  light  can  only  be  considered  using  so- 
called  "calibrating  images".  That  is  why  in  the  present  study  a 
rotating  mirror  is  used  to  form  an  appropriate  light  sheet.  Using 
a  rotating  mirror  the  light  intensity  £  is  a  function  of  the  anipilar 
velocity,  of  the  radial  distance  r  from  the  axis  of  rotation  (Eq.  1) 
and  of  the  attenuation  of  laser  light  within  air  (Eq.  2). 


£  =  -2- 

(1) 

T 

£  =  £oe*'^' 

(2) 

If  one  side  of  the  recorded  image  is  long  and  the  rotating 
mirror  is  placed  near  this  side,  the  angle  of  reflection  at  the  ro¬ 
tating  mirror  must  be  considered.  Typical  measured  reflection 
degrees  at  the  silver  mirror  used  in  this  work  are  shown  in 

Figure  2. 


Figure  2;  Reflection  degrees  at  the  mirror  (laser  light,  parallel 
polarization). 

When  carrying  out  conwitration  measurements  in  a  seeded 
flow,  the  light  distribution  within  the  light  sheet  will  be  affected 
by  the  particles  moved  within  the  light  sheet  Due  to  the 
scattering  process  by  particles  closer  to  the  rotating  mirror  laser 
light  is  getting  lost  for  scattering  by  particles  distant  from  the 
rotating  mirror.  For  maximum  seeded  flows  die  attenuation  of 
laser  light  can  be  measured  and  the  coefficient  of  attenuation 
can  be  derived.  Assuming  a  linear  behavior  between  scattered 
light,  particle  concentration  and  the  attenuation  of  laser  light,  it 

is  possible  to  calculate  local  attenuation  coefficients  p*  within  a 
seeded  light  sheet 


25.5.2. 


Using  a  modified  form  of  equation  2,  it  will  be  possible  to 
calculate  and  correct  the  non-uniform  light  distribution  due  to 
scattering  and  attenuation  of  laser  light  by  particles  (Eq.  3). 

£  =  £„e-'^^'  (3) 

Additional  important  factors,  the  recorded  grey  values  de¬ 
pend  on,  are  the  influence  of  the  line  of  sight  of  the  recording 
camera  and  the  angle  of  view  of  the  camera  lens.  Because  of  the 
visibility  of  the  light  sheet  within  groups  of  obstacles,  light  sheet 
images  must  often  be  taken  under  oblique  angles.  First,  oblique 
lines  of  sight  leads  to  geometrical  distortions  of  the  recorded 
objects.  Such  distortions  may  be  sufficiently  corrected,  using 
standard-algorithms  of  digital  image  processing  (see  Leitl  1992). 
Furthermore  the  intensities  of  light  scattered  by  small  particles 
(MIE-scattering)  depend  on  the  angle  of  scattering.  Figure  3 
shows  the  typical  results  of  computing  the  scattered  light 
intensity  for  glycerine-water-droplets  with  a  diameter  of  two  and 
four  microns  (computational  code;  STREU,  author;  Dr.  A. 
Napwi). 


Figure  3;  Polar  diagramm  of  scattered  intensities  for  gylcerine- 
water-droplets. 

For  depicted  groups  of  particles  respectively  a  particle 
spectrum  applied  to  2d-iaseroptical  concentration  measurements, 
the  relative  intensity  of  scattered  light  can  be  measured  using  a 
small  light  plane  and  a  CCD  to  collect  the  light  scattered  into 
different  directions  (see  Fig.  4).  Typical  results  of  such  intensity 
measurements  are  shown  in  Figure  5.  The  structured 
distribution  of  scattered  intensities  that  is  characteristic  for  MIE- 
scattering  at  a  single  particle  (Fig.  3)  will  be  smoothed  when 
observing  clouds  of  particles  formed  by  a  particle  spectrum. 

The  mapping  properties  of  the  objective  lenses  used  with 
the  recording  camera  (particularly  their  shading)  must  be  taken 
into  consideration  too.  For  the  lens  used  in  the  present  study  the 
extenuation  of  the  recorded  light  intensities  near  the  edges  of 
image  plane  was  measured.  In  Figure  6  the  results  are  compared 
with  the  cosine-law  (Eq.  4). 

£  =  £oCOS^w'  (4) 


Figure  4;  Experimental  setup  for  measuring  scattered  light 
intensities  by  an  CCD. 
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Figure  5;  Measured  light  intensity  for  scattering  by  clouds  of 
particles. 


Figure  6;  Vignetting  of  the  objective  lens  COMPUTAR  TV 
8mm. 


In  contrast  to  tiie  exponent  n  s=  4  at  ruturally  vignetting, 
an  exponent  n  « 10  describes  to  the  investigated  objective  lens 
(COMPUTAR  TV  8mm).  Problems  dealing  with  image  recor¬ 
ding,  digitizing  images  and  digital  image  processing  should  not 
be  discussed  in  this  paper.  Due  to  the  optimum  adjustment  of 
the  CCD-camera  (COHU  6710)  to  tiie  image  processing  system 
(KONTRON  IMCO  10),  a  range  of  around  230  usable  grey 
values  could  be  realized.  A  fine  tuning  of  the  camera  signal 
leads  to  a  noise  level  of  one  up  to  two  grey  values  only. 
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3.  OPTOKONZ- SOFTWARE  PACKAGE 

Based  on  the  ideas  mentioned  above,  a  computational  code 
for  digitizing  an:?  correcting  images  of  grey  values  as  well  as 
their  conversion  into  concentrations  was  create  1  The  software 
package  named  "OPTOKONZ”  consists  of  several  independent 
programs  (see  also  Figure  7)  for  Pnsonal  Computer. 


Figure  7;  Parts  of  the  software  package  OPTOKONZ. 

Using  a  first  group  of  programs,  the  rotating  mirror  can  be 
synchronized  to  the  camera  clock  to  perform  the  defined  ex¬ 
posure  of  image  frames  (program  SCANNER).  The  programs 
GOJUST,  PRONMESS  and  PROFMESS  optimize  the  recording 
conditions  like  laser  power,  as  well  as  gain  and  o£^  of  the 
CCD.  By  means  of  the  second  group  of  programs  the  recording 
of  images  can  be  carried  out  Bofri  single  images  and  series  of 
images  can  be  digitized  and  stored  real-time.  It  is  possible  to 
calculate  time  averaged  grey  values  too.  According  to  the  size  of 
the  video  memory  and  the  current  image  dimensions,  a  real-time 
block-averaging  algorithm  is  used.  In  order  to  correct  the  current 
grey  values  and  to  calculate  concentrations  from  die  corrected 
grey  values,  the  third  group  of  programs  (KONZ)  may  be  used. 
In  these  programs  the  corrections  corresponding  to  the  relations 
described  above  are  carried  out  Performing  corrections  pixel  by 
pixel,  each  grey  value  will  be  corrected  relative  to  the  angle  of 
view  (~  respectively  the  intensity  of  die  scattered  light)  the 
vignetting  of  die  objective  lens,  the  attenuation  of  the  rotating 
laser  beam  due  to  the  radial  distance  of  pixels  from  the  rotating 
mirror  as  well  as  due  to  the  scattering  process  by  small  particles. 
The  whole  correcting  algorithm  must  be  carried  out  iteratively 
because  of  the  dependency  of  die  grey  value  on  the  coefficient 
of  attenuation.  When  the  grey  values  are  corrected, 
concentrations  can  be  assigned  to  the  grey  values  assuming  a 
linear  relation  between  grey  value  and  concentration.  Two 
significant  reference  concentrations  can  be  used;  the 
concentration  at  die  particle  source  release  (~  100%)  and  the 
"zero  concentration".  Reference  concentrations  measured  with 
conventional  techniques  can  be  used  too.  Also  the  concen¬ 
trations  or  grey  values  may  be  transferred  from  one  image  to  an 
other  when  recording  overlapping  images. 

To  ease  the  handling  of  a  large  number  of  measured  con¬ 
centrations  within  a  recorded  image,  OPTOKONZ  was  extended 


by  an  algorithm  for  extracting  profiles  or  groups  of  profiles  from 
complete  "concentration  images". 

4.  CONCENTRATION  MEASUREMENTS  USING 
OPTOKONZ 


4.1  Experimental  Setup 

The  experimental  setup  is  shown  schematically  in  Figure 
8.  In  the  present  study  glycerine-water-droplets  are  used  for  light 
scattering.  Such  particles  can  be  formed  using  an  atomizer. 

The  light  sheet  is  formed  by  a  rotating  mirror,  reflecting 
the  principal  wavelengths  (S14.S  nm  /  488  nm)  of  a  6.S  W  cw 
argon-ion  laser.  To  adjust  the  thickness  of  the  light  sheet  to 
about  1  mm  a  collimator  is  placed  in  the  path  of  the  beam.  In 
order  to  ^chronize  the  rotating  mirror  widi  the  CCD  camera, 
the  rotating  mirror  is  powered  by  a  steppa  motor.  The  frequency 
for  the  stepper  motor  can  be  derived  from  the  camera  clock 
using  a  plug-in-timer/counter-board  for  PC.  In  order  to  expose 
each  of  the  half  frames  of  a  video  image,  the  revolution  of  die 
rotating  mirror  is  fixed  to  about  SO  Hz. 


Figure  8:  General  experimental  setup  used  for  laser-optical 
concentration  measurements. 

The  camera  used  in  the  experiments  was  a  CCD-camera 
COHU  6710  (single  CCD  using  frame  transfer  method)  with  a 
i/2-inch  image  area  and  699  x  576  active  pixel  cells.  Mosdy  die 
camera  is  used  with  fixed  gain  and  standard  integration  time 
(1/SO  sec.).  A  linear  correlation  between  light  intensity  and  grey 
value  within  a  digitized  image  was  fixed.  The  output  signals  of 
the  camera  were  digitized  with  8  bit  resolution  that  corre^nds 
to  2S6  grey  levels.  An  atomizer  was  used  to  produce  small 
glycerine-water-droplets  with  diameters  from  about  0.6  microns 
up  to  4  microns.  The  main  diameter  of  the  aerosol  was  about  2 
microns.  The  maximum  seeding  leads  to  maximum  particle 
concentrations  of 800...1400  particles  per  cubic  millimeter. 

The  image  processing  system  used  in  the  present  study  was 
a  PC-based  system  with  3  MB  real  time  video  memory  (IMCO 
10,  Kontron  Munich).  Dqiending  on  the  size  of  the  recorded 
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images  it  was  possible  to  digitize  and  store  up  to  12  images  in 
real  time.  To  measure  significant  mean  concentrations  more  than 
1000  images  were  averaged  in  groups  of  10  images.  Because  the 
sampling  frequency  is  comparatively  low  when  using  the 
European  video  standard  (23  images  or  30  half  frames  per 
second),  only  "slow  dispersion"  of  particles  or  rather  gases  can 
be  pursued  in  real  time  (~  up  to  10  m/s,  depending  on  the  image 
size).  It  is  possible  to  speed  up  the  video  frequency  as  a  maner 
of  principle  when  using  a  video  system,  which  is  independent  of 
the  limitation  due  to  the  standard  video  frequency.  An  extension 
of  OPTOKONZ  to  pursue  "faster  gas  dispersion”  is  in  process. 


4.2  Concentration  Measurement  within  an  Open  Jet 

A  first  set  of  2d-laseroptical  concentration  measurements 
were  made  in  a  wind  turmel  with  closed  test  section  (see  Figure 
9).  The  aerosol  generated  by  the  atomizer  described  above  was 
lead  through  a  duct  to  form  a  horizontal  open  jet  within  the  wind 
tuimel.  The  CCD-camera  and  the  rotating  mirror  were  mounted 
at  a  traversing  system  out  of  the  wind  turmel.  The  laser  was 
placed  at  the  top  of  the  wind  turmel.  The  light  sheet  as  well  as  a 
sampling  unit  for  conventional  concentration  measurements  was 
guided  in  the  test  section  using  a  small  slot  at  the  upper  wall  of 
the  wind  tunnel.  To  allow  for  a  side  view  of  the  light  sheet  the 
wind  turmel  was  equipped  with  a  pane  at  one  side. 


I 


Figure  9;  Experimental  arrangement  -  open  jet  flow. 

Figure  10  represents  grey  values  (normally  the  grey  values 
will  be  color  coded)  within  the  center  plane  of  the  jet,  as  an 
average  of  about  1280  video  images.  The  image  dimensions  are 
467  mm  x  187  mm  respectively  630  x  236  pixels.  This  un- 
corrected  image  was  further  processed  using  the  program  KONZ 
to  correct  the  actual  recording  conditions  as  well  as  to  calculate 
concentrations  from  the  corrected  grey  values.  Calibrating 
images  are  not  necessary  because  the  correcting  algorithm  is 
based  on  the  simple  relations  already  mentioned.  The  particle  or 


gas  concentrations  within  the  measuring  plane  that  results  from 
the  converted  grey  values  ate  shown  in  Figure  11.  Due  to  the 
slot  at  the  top  of  the  wind  turmel  the  concentration  profiles  ate 
not  syirunetrical  on  the  right.  For  verifications  of  the  laseroptical 
measuring  analogous  conventiorud  concentration  measurentents 
were  carried  out  The  laseroptical  and  conventional 
measurements  are  compared  in  Figure  12.  A  good 
correspondence  between  the  results  can  be  detected.  Also  a 
distinct  difference  in  quality  and  quantity  can  be  seen  when 
comparing  concentration  profiles  calculated  from  uncorrected  or 
corrected  grey  values. 


Figure  10:  Recorded  grey  values  -  center  plane  of  the  jet 


Figure  1 1 :  Concentrations  measured  by  OPTOKONZ. 


Figure  12a ;  Comparison  between  OPTOKONZ  and 
conventional  concentration  measurements. 
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Figure  12b  :  Comparison  between  OPTOKONZ  and 
conventional  concentration  measurements. 


Lascroptical  Concentration  Measurements  within  the 

Model  of  a  Street  Canyon 

Beside  the  verification  of  the  lascroptical  technique 
OPTOKONZ  was  applied  for  several  investigations  on  gas  dis¬ 
persion  within  models  of  urban  areas.  The  experiments  were 
carried  out  in  the  large  subsonic  wind  tunnel  of  the  Technical 
University  of  Dresden,  a  return-flow  tunnel  GOttinger  type,  with 
a  jet  diameter  of  two  or  three  meters  (optional)  and  an  open  test 
section.  To  simulate  the  atmospheric  boundary  layer  the  wind 
tunnel  is  equipped  with  a  turbulence  grid  and  an  appropriate 
surface  roughness.  A  line  source  for  simulating  the  emissions  of 
cars  and  the  model  of  a  street  canyon  was  placed  in  the  test 
section.  A  sketch  of  the  experimental  setup  in  the  large  subsonic 
wind  tunnel  is  given  in  Figure  13. 

Besides  velocity  measurements,  concentration  measure¬ 
ments  by  means  of  OPTOKONZ  and  a  hydro  ca^n  analyzer 
were  carried  out  Using  OPTOKONZ  the  advantages  of  2d- 
laseroptical  concentration  measurements  become  veiy  clear.  On 
one  hand  it  is  possible  to  see  the  turbulent  gas  dispersion  im¬ 
mediately  by  observing  groups  of  particles  moving  within  the 
light  plane. 


Figure  13;  Experimental  setup  within  the  test  section  of  the  large 
subsonic  wind  timnel  (bird's  view  -  schematicaly). 

On  the  other  hand  due  to  the  easy  handling  of  OPTO¬ 
KONZ  working  without  difficult  and  laborious  calibrations  du¬ 
ring  the  measurements,  the  laseroptical  concentration  measure¬ 
ments  can  be  carried  out  very  reliable  and  fast  Because  of  the 


costs  of  time  in  a  large  wind  tunnel,  the  factor  of  efficiency 
should  not  be  neglected.  Using  OPTOKONZ  it  was  po^ible  to 
study  and  measure  a  lot  of  types  of  street  canyons  in  a  few 
hours.  Some  typical  results  are  shown  in  Figure  14a  and  Figure 
14b.  In  both  cases  a  bird's  view  on  a  horizontal  measuring  plane 
is  represented  («  350  mm  x  350  mm).  The  laseroptical 
measurements  are  compared  with  measurements  using  a  hydro 
carbon  analyzer  (also  flame  ionization  detector  -  FID)  in  this 
case  too.  Figure  15  shows  measured  concentration  proflles 
along  a  line  between  the  line  source  and  the  upstream  row  of 
buildings  (pedestrian  area).  A  good  correspondence  between 
laseroptical  and  FID  measurements  can  be  detected  again.  The 
small  differences  result  from  the  varied  experimental  setup  when 
using  FID  or  OPTOKONZ. 


image  dimeniians :  350  mm  x  350  mm 


Figure  14a:  Grey  values  and  lines  of  equal  concentrations  within 
a  street  canyon. 


image  dimensions :  350  mm  x  350  mm 


Figure  14b:  Grey  values  and  lines  of  equal  concentrations  within 
a  street  canyon. 
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Figure  IS;  Comparison  between  concentrations  measured  by 
OPTOKONZ  and  by  FID. 


5.  CONCLUSIONS 

A  modified  technique  for  2d-laseropticaI  concentration 
measurements  "OPTOKONZ"  has  been  developed.  It  could  be 
shown  that  laseroptical  concentration  measurements  within  large 
planes  are  possible  without  difficult  and  laborious  calibrations. 
It  was  shown  that  the  recorded  grey  values  must  be  corrected 
before  converting  them  to  concentrations.  The  concentration 
profiles  calculated  from  the  corrected  grey  values  compare 
favorably  well  with  the  concentration  measurements  by  FID. 

Beside  the  effectiveness  the  laseroptical  technique  yields  to 
a  better  understanding  of  the  physics  of  gas  dispersion  because 
of  the  "visual  control"  of  the  concentration  fields.  In  contrast  to 
the  conventional  techniques  the  simultaneous  measurement  at 
many  points  within  a  plane  allows  to  use  some  other  methods  for 
the  evaluation  of  testing  data  such  as  multi  point  correlations. 
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ABSTRACT 

An  inTMtigation  wa«  perfermed  in  giid-gcacrated  tnr- 
bnlcBce  to  teat  the  capacity  iat  accurate  mi* 

croacale  eatimatea  from  diaocte  aatocozcelation  meaaore- 
meata  made  in  a  gaa  flow  naiag  a  laaex  Doppler  velocimeter 
(LDV)  with  coonter-baaed  proceaaing.  Compariaoa 
waa  made  to  hot-wire  reaulta  and  the  theoretical  growth 
lawa  determined  hy  the  decay  of  tnxhulent  energy.  The 
diief  concern  waa  the  preaence  of  a  apike  in  the  meaanred 
antocorrelation  fonctiona  at  t  =  0.  It  araa  found  that  renor- 
maliiing  the  antocorrelation  to  a  ralne  at  t  s  0  determined 
hy  "hackfltting"  a  quadratic  equation  to  the  alota  near 
t  =  0  allowed  for  accurate  determination  of  microacalea. 
Microacale  eatimatea  from  the  LDV  meaanrementa  ahowed 
the  aame  trend  aa  the  decay  law  and  agreed  within  ex¬ 
perimental  uncertainty  with  thoae  determined  uaing  a  hot¬ 
wire.  Additionally  the  paper  preaenta  practical  guidelihth 
for  performing  accurate  autocorrelatioa  meaanrementa  by 
LDV. 

1.  INTRODUCTION 

Aa  the  laaex  Doppler  velocimeter  (LDV)  becomea  a 
more  common  tool  in  the  atudy  of  turbulent  flow  phenom¬ 
ena,  reaearchera  are  rapidly  moving  on  from  the  meaanre- 
ment  of  aimple  mcana  and  vaxiancea  of  velocity  and  axe 
attempting  increaaingly  complex  meaanrementa.  Aa  might 
be  ei^ccted,  additional  ptoblema  nanally  rnuat  be  overcome 
whenever  more  advanced  meaanrementa  are  undertaken. 

One  andi  advanced  atatiatic  ia  the  diacrcte  Eulerian 
antocorrelation  function,  (.e. 


*.(*).  (,) 

u«(t) 

In  reality  a  aimple  atatiatic,  used  for  decadea  by  hot-wire 
practitionera  in  atndiea  of  turbulent  flows,  it’s  accurate 
measurement  by  LDV  is  complicated  by  the  random  ar¬ 
rival  times  of  the  measurements  and  -  as  will  be  shown 
here  -  the  lower  (relative  to  good  hotwires)  ngnal  to  noise 
ratio  of  the  instrument. 

Although  LDV  measurements  were  initially  made  us¬ 
ing  analog  frequency  tracking  units,  the  development  of 
conntci-proceaaots  in  the  late  nxtiea  and  early  seventies 
allowed  for  successful  discrete  measurementa  in  gaa  flours. 
Before  discrete  antocorrelation  measurements  could  be 


made  however,  it  was  necessary  to  develop  techniques  fin 
coastmeting  discrete  lag  products  from  data  with  poiaaon 
arrival  atatiatics.  Early  p^ers  coacemad  with  the  devel¬ 
opment  and  use  of  diacrctiscd  autocorrelatioa  algorithms 
far  the  LDV  are  those  of  Mayo  at  mL  (1874),  Scott  (1874), 
Smith  and  Meadows  (1874),  and  Wang  (1875).  Mayo  is 
usually  given  credit  Cot  the  ao-caQed  "alotting  algorithm” 
whidt  has  become  the  standard  algorithm 

for  LDV  measurements  and  waa  the  technique  used  in  this 
investigation.  In  the  slotting  tedmiqne,  a  diacretised  cstir 
mate  J2(kAr)  of  Aa{r)  b  made  by  summing  lag  products 
over  Mcqui-apaced  slots  of  interval  Ar.  Lag  products  of  all 
points  up  to  a  "  *«g  r*» 

in  ^tpropriate  bins.  The  average  of  aU  the  anto-prodnets 
falling  in  each  bin  is  assumed  to  be  the  value  of  the  discrete 
autocorrelation  fimetum  at  the  el  the  bin.  The 

algorithm  may  be  summarised  as: 

J*(»Ar)  =  h  =  1.  a . M,  (3) 

where  SUM(kAr)  is  the  sum  of  all  croaa  products  i((t,-)ti(t/) 
separated  by  lag  times  (fc-|)Ar  <  |tj~t{|  <  (h-t-l)Ar, 
and  H(fcAr)  is  the  nn^er  of  lag  products  within 

this  slot. 

These  early  eflbrts  were  geared  toward  spectral  anal- 
ytis;  however,  historicaDy,  dating  bach  to  the  early  homo¬ 
geneous  isotropic  turbulence  studies  of  the  thirties,  auto¬ 
correlation  measurements  have  been  used  to  estimate  the 
Eulerian  integral  time  scale,  defined  aa  the  integral  of  the 
autocorrelation  function, 

and  the  Eulerian  dissipation  (micro)scale,  defined  ia  terms 
of  a  Taylor  series  expansion  of  the  autocorrelation  curve 
near  t  =  0.  In  practice  the  microacale  ia  often  determined 
by  the  point  at  which  an  osculating  parabola  fitted  to  the 
antocorrelation  function  near  1  =  0  crosses  the  *«»»»  axis. 
The  equation  for  this  curve  is  given  by  (ffinse,  (1875)): 

Rm(U)  1  -  ^  (4) 

The  integral  and  micro-length  scales  auny  then  be  deter¬ 
mined  from  their  respective  time  scales  by  ^tplying  Tay¬ 
lor’s  hypothesis.  Ibylor’s  hypothesis,  whidi  is  valid  only 
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if  Um  flow  fleU  liaa  unifoim  mean  velocity,  0,  oiul  nnaU 
totbnlcBcc  intcaaity,  gives  •  teUtionihip  between  ttn^otel 
and  spatial  qnaatities(i.c.  a  s  {7t).  If  Taylor's  hypotbesis 
applies  the  relations,  A/  =  tfTm  and  Xf  -•  Cra,  result. 
Note  that  only  the  longitudinal  length  scales  can  be  esti- 
mated  with  Ibylor's  hypothesis. 

In  the  late  seventies,  Barnett  and  Giel  (19TC)  and  Lau 
ct  oL  (1979)  noticed  while  making  measurements  in  jet 
flows  that  the  LDV  predicted  consistently  higher  turbu¬ 
lence  intensities  than  corresponding  measurements  made 
using  a  hot-wire.  In  follow-up  work,  Lau  (1980)  and  Lau 
ct  oL  (1981)  traced  the  source  of  the  discrepancy  to  the 
sqinaring  of  uncorrelated  noise  in  the  LDV  signal  when  the 
variance  of  velocity  is  calculated.  The  noise  level  was  found 
to  be  roughly  constant  for  given  LDV  settings  sudi  that 
the  deviation  from  the  hot-arirc  results  was  most  grievious 
at  low  turbulence  intensities.  This  discovery  was  aided  by 
concurrent  autocorrelation  measurements  which  revealed  a 
large  spike  at  t  =  0  due  to  the  sero-lag  products,  i.c.  the 
variance  of  the  velocity.  The  spike  was  obviously  unnatural 
in  a  jet  flow  autocorrelation  and  thus  helped  solidify  the 
theory  that  signal  noise  superimposes  an  added  variance 
to  the  measured  velocity.  Additionally,  these  correlation 
measurements  showed  that  for  all  practical  purposes  sig¬ 
nal  noise  is  uncorrelated  and  does  not  affect  lag  products 
other  than  the  sero-lags  in  discrete  autocorrelation  mea¬ 
surements.  It  should  be  mentioned  that  hot-wire  signals 
also  have  a  noise  component;  however,  usually  it  is  so  small 
as  to  go  unnoticed  unless  the  turbulence  intensity  is  very 
low  and  the  sampling  rate  very  high. 

Lau  further  claimed  that  the  spike  caused  by  the  sero 
lag  products  could  be  eliminated  by  the  cross  correlation 
of  two  photomultiplier  tube  signals  responding  to  the  scat¬ 
tered  light  from  the  same  particles.  Unfortunately  Lau's 
work  did  not  receive  the  attention  it  deserved,  considering 
its  implications  for  LDV  measurement  accuracy.  Admit¬ 
tedly,  at  that  point  autocorrelation  measurements  made 
using  an  LDV  were  only  being  attempted  by  a  few  re¬ 
searchers.  It  was  not  until  the  late  eighties  that  Lau’s 
claims  were  further  investigated.  Absil  et  of.  (1990)  made 
discrete  autocorrelation  measurements  in  the  wake  of  a 
cylu  ier  3  mm  in  diameter  in  air  at  a  free  stream  velocity 
of  10  m/s.  The  turbulence  intensities  for  their  measure¬ 
ment  locations  were  below  S%  and  the  Kolmogorov  scales 
were  rather  large  thus  allowing  for  adequate  resolution  of 
the  autocorrelation  curve  near  t  =  0.  The  low  turbulence 
intensities  ensured  that  any  noise  would  be  well  indicated 
in  the  autocorrelation  measurements.  Their  research  did 
much  to  substantiate  Lau’s  work  and  more  clearly  showed 
the  spiking  effects  caused  by  the  squaring  of  uncorrelated 
noise  in  the  sero-lag  products.  Cross-correlation  measure¬ 
ments  from  two  photomultiplier  tubes  were  also  attempted 
to  eliminate  the  noise  spike,  but  the  effect  was  only  to 
reduce  the  noise,  not  eliminate  it.  Absil  et  at.  noted  that 
the  presence  of  the  spike  severely  inhibits  the  estimation  of 
microscales  from  LDV  autocorrelation  measurements.  The 
present  author’s  experience  indicates  that  in  flows  with  tur¬ 
bulence  intensities  below  10  percent,  the  ignoring  of  noise 
effects  could  cause  microscale  estimates  to  be  a  fuU  order 


of  magnitude  low,  if  not  hirthcr.  Int^al  length  scale  esti¬ 
mates  are  leas  affected  by  such  noise  effects,  however  they 
may  also  be  greatly  underestimated  unless  the  nniae  is  ac¬ 
counted  for. 

AbsO  ct  oL  focused  mainly  on  the  accuracy  of  turbu¬ 
lence  intensity  measurements  and  the  general  measurement 
of  autocorrelations  using  LDV.  Thdr  erork  also  did  not  re¬ 
ceive  proper  attention  as  evidenced  by  the  lack  of  papen 
citing  their  work  in  the  recent  literature. 

As  researchers  begin  taking  simple  turbulence  inten¬ 
sity  measurements  for  granted  and  move  on  towards  qiatial 
correlation  measurements  and  spectral  estimates,  it  seems 
important  to  put  the  practical  art  of  miAing  accurate  au¬ 
tocorrelation  measurements  on  a  firm  footing.  This  pa¬ 
per  then  attenq>ts  to  sunomariae  what  knowledge  has  been 
gained  by  the  authors  in  the  course  of  making  extensive 
autocorrelation  measurements  in  various  gas  flows  for  the 
purpose  of  estimating  integral  and  micro  length  scales. 

2.  EXPERIMENTAL  APPARATUS 


It  was  felt  that  an  important  element  lacking  in  pre¬ 
vious  work  in  this  area  was  comparison  with  agreed  stan¬ 
dards.  This  is  especially  important  for  length  scale  esti¬ 
mates  which  can  be  consistent  but  still  inaccurate.  The 
difficulty  of  validating  most  LDV  measurements  is  a  lack 
of  certainty  in  the  accuracy  of  any  other  data  used  for 
comparison.  Agreement  with  hot-wire  results  is  a  frequent 
benchmark  test,  but  in  many  flows  hot-wire  results  are  even 
less  reliable  than  LDV  data.  It  was  decided  in  this  work 
that  comparison  would  be  made  with  hot-wire  results  in 
grid-generated  turbulence.  This  decision  was  made  with 
deference  to  the  vast  amount  of  weU  documented  research 
done  by  able  investigators  in  this  area  and  to  the  (act  that 
the  energy  equation  in  grid-generated  turbulence  requires 
that  the  squares  of  the  microscales  vary  Unearly  arith  dis¬ 
tance  from  the  grid  (Batdielor  (1953)): 


,,  30i»Af,*  as^ 


(6) 


where  the  constant,  30,  follows  from  Rinse’s  (1975)  defini¬ 
tion  of  Ay,  t.e. 


and  n  is  the  exponent  from  the  decay  law  for  the  turbulent 
clergy  given  below. 
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This  implies  that  the  microscales  are  functions  only  of  dis¬ 
tance  from  the  grid  with  slope  determined  by  the  mean 
velocity,  U  and  viscosity,  i/.  Thus,  checks  can  be  made 
for  each  instrument  with  theoretical  predictions  as  well  as 
against  one  another.  Additionally,  the  low  turbulence  in¬ 
tensities  present  in  grid-generated  turbulence  assured  the 
significant  presence  of  noise  effects  as  well  as  elimination 
of  velocity  bias  as  an  issue  in  this  investigation. 

To  carry  out  the  work,  a  low  speed  wind  tunnel  was 
built  consisting  of  a  blower,  a  1.3  m  on  a  side  cubical 
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pliamwi  duonbet  with  »  1.3  m  long  cattancc  tcction  to  • 
converging  noiilc.  The  entrance  eection  wae  64  cm  hy  54 
cm  in  crott  eection  with  the  noeele  feeding  to  a  teat  aec* 
tion  15.34  cm  hy  10.16  cm  in  exoas  eection  and  61  cm  in 
length.  The  teat  acetioa  waa  fahricated  from  alnminnm  in 
anch  a  way  aa  to  allow  for  complete  optical  acceaa  from 
all  four  aidea.  Baaically  the  walla  were  all  glaaa  windowa. 
Thia  allowed  for  the  poaaihility  of  aignal  collection  from 
any  direction.  Honeycomh  and  acreena  were  placed  in  the 
entrance  aection  redudng  the  free  atream  tnrhnlence  kvela 
(without  the  grid)  to  between  .3  and  .3%  for  the  velodtiea 
need  in  thia  inveatigation. 

The  grid  waa  of  the  bi-plane  round  tod  variety  with 
6.35  mm  between  rod  centera  and  a  rod  diameter  of  1.5675 
nun.  Thua  U/d  =  4  for  thia  grid  and  the  aolidity  ratio  waa 
.4375.  Thia  aolidity  ratio  ahould  be  low  enough  to  avoid 
vortex  ahedding  effecta  from  the  individual  roda  whidt  can 
cauae  the  flow  to  remain  inhomogeneoua  far  downatream  of 
the  grid.  The  grid  ia  alao  geometrically  aimilar  to  the  M  = 
35.4  mm  gtida  uaed  by  Corrain  and  hia  co-workera,  and  of 
equal  meah  aiae  to  the  amalleat  grid  uaed  by  Batchelor.  The 
LDV  uaed  for  theae  ezperimenta  waa  a  two  component  dual- 
beam  ayatem,  operating  in  forward  acatter  mode.  Only  a 
aingle  component  waa  uaed  in  thia  atudy  aa  only  the  axial 
velocity  atatiatica  were  of  intereat.  The  514.5  pm  laaer  line 
from  a  Model  168B  3  Watt  Spectra  Phyaica  argon  ion  laaer 
waa  need  to  make  the  meaaurementa.  The  beam  angle 
for  thia  ayatem  ia  6.361*  and  the  fringe  apadng  is  3.359 
pm.  Bragg  cella  were  need  to  ahilt  the  frequency  of  both 
beama  by  46  and  35  MHa,  reapectively,  in  oppoaitc  direc- 
tiona  caunng  the  fringea  to  move  at  lOMHa  in  the  upatream 
direction  (approximately  4  m/a).  The  LDV  employe  3.0x 
beam  expansion  optica  and  givea  a  probe  volume  approx¬ 
imately  100  pm  in  diameter  and  1000  pm  in  length.  A 
TSI  Model  1990C  counter  proceaaor  waa  used  in  the  data 
collection  and  proceaaing  ayatem.  High  and  low  paaa  flltera 
were  aet  to  1  MHa  and  30  MHa.  The  proceaaor  waa  aet  to 
aample  in  a  aingle  measurement  per  burst  mode  (multiple 
measurements  per  burst  not  allowed),  count  33  fr^es  and 
use  a  1  K  comparator.  Data  (one  velocity  and  the  run¬ 
ning  time  for  each  realisation)  were  transferred  through  a 
Dostek  LDV  interfoce  to  an  intel  based  486  66  MHa  per¬ 
sonal  computer  for  storage  and  analysis. 

To  folly  resolve  the  small  scales  in  the  flow  down¬ 
atream  of  the  grid,  it  waa  realised  that  very  high  data 
rates  would  be  necessary.  To  this  end,  4  custom  built 
seeder  units  roughly  following  the  design  of  Liu  and  Lee 
(1975)  were  fabricated  and  mounted  to  supply  seed  parti- 
des  strught  into  the  blower  inlet.  This  method  of  seeding 
ensured  a  constant  seed  density  throughout  the  teat  aec¬ 
tion.  The  seeders  generated  vegetable  oil  particles  in  the 
1  pm  aiae  range.  At  13  m/a,  aingle  measurement  per  burst 
average  data  validation  rates  of  up  to  60  kHa  were  possible 
although  at  lesser  speeds  this  maximum  average  data  rate 
decreased. 

The  hot-wire  equipment  used  in  this  inveatigation  con¬ 
sisted  of  a  TSI  1054  anemometer  with  a  TSI  platinum  P3 
sensor.  The  sensor  diameter  was  5  pm  and  the  length  1.35 
mm.  The  linearised  output  of  the  anemometer  waa  sam¬ 


pled  di^tally  usag  a  MetraByte  DAS30  13  Ut  A/D  con¬ 
verter  interfoced  to  an  Intel  baaed  386  computer.  The  fre¬ 
quency  response  at  the  velocities  used  ia  this  investigation 
was  approximately  50  kHa. 

3.  EXPERIMENTAL  PROCEDURE 

All  flow  conditions  were  maintained  at  near  constant 
values  throughout  the  testing  procedure.  Two  inlet  center¬ 
line  velodtiea  were  considered,  Dp  =  6.15  m/s  and  ,  Dp  s 
11.80  m/s  giving  Bear  »  9586  and  4963  baaed  on  upstream 
centerline  velodty  and  grid  aiae. 

Hotwire  velodty  statistics  and  autocorrclatioas  were 
formed  by  using  10  sets  of  4096  individual  realisations  at 
each  axial  measurement  location.  Good  reduction  of  run 
to  run  variance  waa  achieved  by  using  the  10  sets  of  data, 
and  repeatability  of  the  measurements  was  high.  LDV  data 
were  acquired  in  segments  of  60000  samples.  Variance 
of  LDV  autocorrelation  measurements  formed  using  the 
slotting  technique  is  known  to  follow  the  formula  (Scott, 
(1974),  Benak  et  oL,  (1993)): 

VAJl[Jl.(kAr)]  <  f  /” 

*  (•) 

where  k  is  the  slot  number  (kAr)  represents  a  lag  time), 
J7(kAr)  is  the  number  of  lag  products  f»11«Mg  in  the  kth  slot 
and  T  is  the  total  sampling  time.  The  first  term  may  be 
thought  of  a  variance  based  on  the  number  of  lag  products 
accumulated  per  slot.  High  data  rates  help  to  accumulate 
large  numbers  of  lag  products  per  slot  as  the  expected  num¬ 
ber  of  products  per  slot  is  given  by  (Mayo,  (1974),  Absil, 
(1990)): 

E[H(kAr)]sN>^Ar  (9) 

if  7  >  Af  Ar  where  w  is  the  average  data  rate  and  Ar  ia  the 
slot  width.  Thus,  the  first  term  is  reduced  by  a  high  data 
rate;  however  the  second  term  may  be  thought  of  as  run  to 
run  variance  and  is  increased  by  a  high  average  data  rate. 
Thus  when  increanng  data  rate  in  an  attempt  to  resolve 
small  scales  it  becomes  necessary  to  take  a  great  deal  of 
data. 

Several  combinations  of  run  number  and  sample  sise 
were  investigated  to  determine  what  the  most  efficient 
method  of  taking  data  would  be.  In  general  it  was  found  to 
be  most  advantageous  to  take  as  many  small  sets  of  data  aa 
possible  keeping  in  mind  that  the  condition  T>3n  must  be 
maintained  for  eadi  individual  data  aet.  This  conclusion 
was  realised  somewhat  late  in  the  investigation  sudt  that 
the  LDV  data  were  taken  somewhat  ineffidently.  A  aingle 
aet  of  60000  data  points  was  acquired  at  eadt  measurement 
location.  The  95  %  confidence  interval  to  Scott’s 

formula  for  the  uncertainty  of  autocorrelation  estimates  ac¬ 
quired  in  such  a  fashion  proved  to  be  typically  on  the  order 
of  3  %,  however  this  did  not  guarantee  accurate  microscale 
estimates. 

In  computing  statistical  parameters,  a  two  step  pro¬ 
cess  suggested  by  Meyers  (1988)  was  used  to  eliminate  nmse 
from  the  data.  All  velocity  measurements  deviating  more 
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Uuu  3  •tandaid  deviatioas  from  the  mean  arc  thu  climi- 
aated.  For  a  properly  operatinf  LDV  ayitem  1cm  than  1  % 
of  the  data  should  be  discarded.  In  this  investigation  this 
was  true  in  all  cases. 

4.  EXPERIMENTAL  RESULTS 
4.1  Previous  Work 

Before  reporting  the  results  of  the  grid  experiments, 
some  previous  results  pertinent  to  this  investigation  should 
be  reported.  In  Figure  1,  typical  autocorrelation  functions 
measured  at  8  step  heights  downstream  (x/H  =  6)  and  3 
step  heights  (r/H  s  3)  from  the  axis  of  an  axisymmetric  ex¬ 
pansion  are  presented.  The  facility  and  equipment  used  in 
this  experiment  has  been  described  in  Gould  and  Benedict 
(1983)  The  discrete  autocorrelations,  shown  in  Figure  1, 
were  obtained  using  a  slot  width  of  SO  ps.  Note  that  there 
is  stiU  some  scatter  in  the  data  even  though  50,000  samples 
were  used  to  build  the  autocorrelation  functions.  A  mean 
data  validation  rate  of  approximately  13,000  per  second 
was  used  here  with  a  free  running  processor  (possibility  of 
mnltiple  measurements  per  burst).  This  scatter  is  statis¬ 
tical  in  nature  and  is  due  to  too  few  lag  products  in  cadi 
slot  which  causes  some  variance  in  the  data  (each  bin  con¬ 
tained  approximately  30,000  lag  products).  Interestingly, 
although  sero-lag  products  were  not  induded  in  the  first 
slot  of  the  discrete  autocorrelation  function,  a  severe  spike 
results  at  the  origin  (bottom  curve).  This  spike  represents 
those  lag  products  falling  between  t  =  0  and  f  =  ^  which 
in  this  case  were  used  to  normalise  the  antocorreLstion  as 
opposed  to  the  sero-lags  products.  It  the  slot  sise  is  de¬ 
creased  further  the  spiking  effect  carries  into  the  next  few 
slots  after  the  first  as  well.  This  particular  spiking  effect 
is  caused  by  the  continuous  sampling  of  the  LDV  system. 
Continuous  sampling  allows  for  mnltiple  measurements  to 
be  made  im  a  angle  Doppler  burst.  In  sudi  a  situation,  a 
slow  moving  partide  can  be  sampled  more  than  once  as  it 
passes  through  the  probe  volume.  This  first  slot  thus  con¬ 
tains  mostly  the  squared  fluctuating  velodties  of  particles 
moving  at  vdodties  much  leH  than  the  mean.  They  thus 
make  a  large  contribution  to  the  discrete  correlation  esti¬ 
mate  at  this  time  lag  and  serve  to  bias  the  antocorrelaion 
as  a  whole. 

An  algorithm  was  employed  to  remove  multiply  sam¬ 
pled  velodty  measurements  from  the  data  set.  Basically, 
the  data  set  was  searched  for  successive  measurements 
which  had  velodty-time  between  data  products  leu  than 
the  probe  volume  diameter.  If  this  occurred,  these  mea¬ 
surements  were  assumed  to  have  come  from  the  same  par¬ 
ticle.  After  eliminating  these  redundant  measurements,  a 
new  autocorrelation  fimetion  was  calculated  and  is  also 
shown  in  Figure  1  (top  curve).  One  may  observe  that 
this  new  autocorrelation  function  displays  the  expected 
parabolic  behavior  near  the  origin  without  any  spiking. 
Ikom  sudi  an  autocorrelation  function  the  Taylor  mi¬ 
croscale  may  be  easily  estimated.  It  should  be  noted  how¬ 
ever  that  the  correction  algorithm  cannot  be  certain  of  re¬ 
moving  only  mnltiple  realisation  samples  as  there  may  be 
particles  whidi  have  traversed  only  a  small  portion  of  the 
pobe  volume  thns  allowing  the  processor  to  reset  quickly 


and  make  another  measurement  a  short  time  later.  For 
tl»i«  reason  continuous  M»™pHi«g  promotes  haphasard  dis¬ 
crete  autocorrelation  estimates. 

These  results  dearly  support  the  use  of  single  measure¬ 
ment  per  burst  mode  when  autocorrelation  mea¬ 

surements  in  order  to  prevent  biasing  of  the  antocorrelation 
function  as  described  above.  'Diis  puts  a  tremendous  bur¬ 
den  on  seeding  requirements;  however,  since  investigators 
frequently  make  use  of  continuous  sampling  processor  set¬ 
tings  to  boost  data  validation  rates.  It  was  this  reasoning 
which  led  to  the  multiple  seeder  arrangement  used  in  this 
investigation. 

4.3  Grid  ResulU 

Absil  reported  that  the  noise  spike  in  LDV  antocorre- 
lation  measurements  varies  with  the  data  rate,  although, 
in  general,  the  noise  effects  come  from  several  sources  in- 
duding  photomultiplier  shot  noise  and  heterodyning  of  sig¬ 
nals  from  several  particles  simultaneously  at  the  detec¬ 
tor.  This  noise  evidently  manifests  itself  as  a  variation  of 
the  Schmidt  trigger  "gn-H-g  the  processor  when  to  begin 
counting  fringe  crossings  in  the  Doppler  burst.  It  had  been 
noted  by  the  present  authors  that  processor  settings  had  a 
great  influence  on  turbulence  intensity  measurements  and 
so  a  series  of  autocorrelations  were  performed  to  determine 
if  fringe-count  settings  had  a  significant  inu^t  on  the  sig¬ 
nal  to  noise  ratio.  Figure  3  shows  correlations  made  under 
the  same  conditions  except  for  a  variation  in  the  immbcr  oi 
fringes  required  for  validation  of  a  Doppler  signal.  It  can 
be  seen  that  the  parameter  N  (number  of  fringes)  has  a 
significant  affect  on  the  mean  square  of  the  velodty.  Note 
that  all  corves  are  normalised  to  one  at  t  s  0  and  the 
immediate  drop  in  Rmr  is  this  "spiking"  effect. 

It  would  seem  from  the  figure  that  the  greater  the 
number  of  fringes  the  better,  but  even  with  frequency  shift¬ 
ing  it  is  probable  that  some  form  of  fringe  bias  (Edwards, 
(1987))  u  taking  place  when  138  fringes  are  required  to 
validate  a  measurement.  Also  there  is  a  severe  penalty  in 
average  data  rate  for  diosing  N  =  138  so  that  a  compro¬ 
mise  solution  is  justified  in  dioice  of  fringe-count  settings. 
Setting  N  =  33  proved  to  be  the  best  campromise  bc- 
tareen  noise  and  data  rate  in  this  investigation  and  may 
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Figure  2.  Noise  as  a  function  of  fringe  setting. 


be  globally  applicable  for  LDV's  with  frequency  shifting, 
but  researchers  are  encouraged  to  evaluate  the  optimum 
combination  for  their  systems. 

As  first  suggested  by  Lau,  the  autocorrelation  mea> 
surements  may  be  corrected  for  noise  by  some  form  of  curve 
fitting  back  to  the  t  =  0  axis  (t.e.  the  spike  was  discarded  as 
erroneous).  In  this  work,  quadratic  fits  between  the  second 
and  third  slots  were  using  to  ‘^ackfif  a  parabolic  variation 
to  t  =  0.  Figure  3  shows  the  corrected  discrete  autocorre* 
lations  exhibiting  good  agreement  although  there  is  some 
variance  caused  by  the  finite  time  sampling  discussed  above 
in  connection  with  Scott's  formula. 


Figure  4  shows  that  hot-wires  also  have  a  character¬ 
istic  RMS  noise  level  (approximately  9  mV  in  this  work) 
although  the  signal  to  noise  ratio  tends  to  be  much  greater 
than  that  of  the  LDV.  The  hot-wire  equipment  used  in 
this  investigation  was  on  loan  and  somewhat  out-dated.  It 
may  be  that  this  is  an  unrealistically  high  level  of  noise  for 
state-of-the-art  hot-wire  equipment  but  it  is  strange  that 
little  if  any  mention  was  made  of  such  effects  in  some  of 
the  classic  hot-wire  studies.  In  such  studies,  wind  tunnels 
were  often  used  with  free  stream  turbulence  intensities  of 
0.03  %.  Surely  noise  effects  would  be  evident  under  such 
carcnmitances.  As  a  check  to  be  sure  the  spiking  matched 


with  the  noise  level  measured  during  the  experiment,  the 
spiking  was  predicted  for  a  given  voltage  level  from  the 
apparent  RMS  noise  level  of  9  mV.  After  converting  to  ve¬ 
locity,  the  predictions  agreed  well  with  the  spiking  seen  in 
the  autocorrelation  measurements.  Thus,  there  was  con¬ 
fidence  that  the  hot-wire  displays  similar  behavior  to  the 
LDV  albeit  to  a  lesser  extent.  AU  hot-wire  measurements 
were  therefore  corrected  as  was  done  with  the  LDV  mea¬ 
surements. 


The  measured  and  corrected  decay  curves  for  the  nor¬ 
malised  turbulence  energy  at  =  6.15  m/s  and  Jf  ==  11.10 
m/s  are  shown  in  Figures  5  and  6.  The  Kolmogorov  fre¬ 
quencies  in  this  flew  range  from  39  k&  to  16  kHs  at  V 
=  6.15  m/s  and  91  kHs  to  53  kHs  at  1/  =  11.60  m/s.  In 
both  cases,  hot-wire  measurements  were  made  at  50  kHs 
while  the  maximum  LDV  sampling  rates  were  dependent 
on  the  mean  velocity.  At  11.80  m/s  rates  over  50  kHs  were 
attained  with  the  LDV,  howevex  data  rates  of  only  roughly 
35  kHs  could  be  attained  at  the  lower  velocity.  It  was  n^ 
ticed  at  the  lower  velocity  however,  that  the  continnons 
data  rate  was  on  the  order  of  110  kHs.  Since  the  hot¬ 
wire  data  indicated  that  a  60  pm  slot  sise  was  sufficient 
to  make  accurate  microscale  estimates  at  this  lower  ve¬ 
locity,  an  attempt  to  use  a  “controlled  processor”  to  make 
equal  time  sampled  autocorrelation  measurements  with  the 
LDV  at  16.7  kHs  from  the  continuous  running  average  data 
rate  of  110  kHs  according  to  the  technique  investigated  by 
Gould  et  si.  (1989)  was  made.  To  the  authors  knowledge 
this  tediniqne  has  not  yet  been  applied  to  antocorreUtian 
measurements  as  it  would  seldom  be  feasible  under  nor¬ 
mal  measuring  conditions.  (Note  that  this  type  of  use  of 
a  controlled  processor  is  not  the  sanM  as  using  all  of  the 
data  from  a  free  running  processor,  although  in  both  cates 
the  counter  is  set  to  continuous  measurement  mode.)  The 
LDV  measurements  at  11.80  m/s  were  made  in  a  data  ready 
fashion. 

The  decay  data  was  fitted  according  to  the  tedinique 
described  in  some  detml  by  Gad-el-Hak  and  Corrtin  (1974). 
The  data  were  first  plotted  in  logarithmic  coordinates 
a  virtual  origin,  zs,  determined.  The  slope  of  the  line  then 
determined  n  and  the  vertical  position,  a.  The  constants 
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Figure  5.  Decay  curvee  for  U  =  11.80  m/i. 


in  the  decay  law  (Eq.  T)  for  data  taken  at  both  17  =  C 
m/s  and  JJ  =  11.80  m/s  are  summarised  in  Tables  1 
3. 


Tkble  1.  Decay  law  constants,  (measured  data). 


Instr. 

U  (m/s) 

a 

n 

So 

Hot-wire 

6.15 

39.5 

1.37 

-5.0 

LDV 

6.15 

13.5 

1.47 

-0.5 

Hot-wire 

11.80 

39.0 

1.33 

-5.0 

LDV 

11.80 

57.0 

1.05 

-6.0 

Tsble  3.  Decay  law  constants,  (corrected  data). 


Instr. 

V  (m/s) 

a 

n 

S« 

Hot-wire 

6.15 

18.5 

1.49 

-5.0 

LDV 

6.15 

13.0 

1.53 

-t-0.5 

Hot-wire 

11.80 

35.5 

1.38 

-5.0 

LDV 

11.80 

30.5 

1.35 

-1.0 

Figure  6.  Decay  curves  for  U  =  6.15  m/s. 

These  results  are  similar  to  those  compiled  by  Gad- 
el-Hak  and  Corrsin  summarising  40  years  of  research  in 
grid  generated  turbulence.  The  exponent  in  the  decay  re¬ 
lations  tended  to  be  in  the  higher  range  of  the  spectrum 


of  measurements  made  in  grid-geaeratcd  turbulence,  kit 
it  is  doubtful  that  any  noise  corrections  were  applied  in 
the  past.  These  corrected  curves  would  indicate  that  grid¬ 
generated  turbulence  is  even  more  disparate  from  homoge¬ 
neous  isotropic  turbulence  than  what  has  been  suggested 
before. 

Figure  7  compares  the  integral  length  scale  estimates 
made  from  all  of  the  corrected  autocorrelation  measure¬ 
ments.  These  estimates  were  made  by  integrating  the  dis¬ 
crete  Eulerian  autocorrelation  function  iq>  to  the  point  at 
which  it  crossed  the  time  axis.  The  justification  for  this  ^ 
proach  is  discussed  by  Compte-Bellot  and  Corrain  (1971). 
The  integral  length  scale  tends  to  be  a  geometric  property 
of  the  flow  and  has  been  reported  to  be  independent  of 
mesh  Reynolds  number  for  this  flow.  The  best  fit  to  the 
data  is: 

Ay=0.11(^-3.0)-«  (10) 

some  IS  %  greater  than  the  fit  given  by  Corrsin  to  anninber 
of  previous  experiments  concerning  35.4  mm  meshes.  It  is 
unclear  whether  the  low  Reynolds  numbers  in  the  current 
'^.periments  were  responsible  for  the  deviation. 


Bdicroscales  were  estimated  from  the  corrected  discrete 
autocorrelation  functions  by  the  fitting  of  a  parabola  to  the 
first  three  discrete  estimates  of  the  autocorrelation  func¬ 
tion.  Figure  8  attempts  to  illustrate  the  efiiect  of 
microscale  estimates  on  correlations  without  sufficient  res¬ 
olution.  If  it  is  assumed  that  the  solid  curve,  fitted  to 
the  first  four  slots  in  this  case,  represents  the  correct  mi¬ 
croscale  estimate,  then  one  may  note  that  had  the  sam¬ 
pling  rate  been  lower,  lag-products  further  removed  from 
t  =  0  would  have  been  used  to  fit  a  parabola  to  the  dis¬ 
crete  autocorrelation  function.  The  solid  line  is  then  the 
estimate  generated  by  50  kHs  sampling.  The  line 

corresponds  to  16.7  kHs  and  the  dotted  line  to  10  kHs  sam¬ 
pling.  Of  course,  the  important  point  is  that  the  «»«»ipH»«g 
rate  mast  be  on  the  order  of  the  smallest  scales  in  the  flow. 
Thus,  one  must  always  be  aware  of  the  Kolmogorov  scales 
in  the  flow  of  interest. 

Figures  9  and  10  compare  the  hot-wire 
timates  to  the  LDV  estimates.  Note  that  the  agreement 
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foe  Xf  itadf  w  Mtiuny  quite  good  -  well  within  the  ei^en- 
menUl  nacettaiaty  -  u  the  gt^he  ate  ahowiag  Ay*  which 
greatly  magnifift  any  diecrepaacy.  More  mqiortMitly,  the 
eetimatee  are  coaaistent  with  the  variation  predicted  by  the 
decay  laws  aa  mcaanred  hy  eadi  inatnnneat.  Note  that  the 
eathaatea  fior  U  s  6.1S  m/a  ahow  leaa  aeatter  than  thnar 
made  at  17  s  ll.tO  m/a,  iUnatrating  the  reaolntion  diffienlty 
aa  the  Kolmogorov  freqaendea  increaae.  Thia  hinta  at  the 
major  problem  with  aatocorrelation  meaanrementa  in  gen- 
etaL  Althongh  the  length  acalea  remain  relatively  conataat 
aa  veliodty  increaaea,  the  time  acalea  drop  very  qniddy  ow¬ 
ing  to  the  relation  between  length  and  time  acalea  given 
by  TWylor’a  hypotheaia.  Making  apatial  meaaorementa  ia 
a  mndi  more  promiaing  way  to  attach  the  problem,  bat 
reqoirea  mnch  more  equipment  and  aa  yet  atill  unacquired 
csperience. 

It  might  be  mentioned  in  paaaing  that  apatUl  correla¬ 
tion  eatimatea  are  affected  by  the  aame  noiae  proUem  dia- 
cuaaed  here.  Hm  reault  in  the  caae  of  apatial  correlationa 
ia  not  a  apike  near  aero  reparation  but  rather  a  failure  of 
the  correlation  to  readi  unity  at  aero  aeparation. 


Figure  9.  hGcroacale  compariaon,  Usll.80m/a. 

It  ia  alao  intereating  to  note  the  condatent  microacalea 
derived  from  the  controlled-proceaaor  LDV  meaanrementa 
at  If  s  6.18  m/a.  It  can  be  aeen  in  Figure  10  that  the 


agreement  ia  eatcellent  until  w  40,  at  which  point  the 
eatimatea  deoeaae  markedly.  Thia  phenomenon  ia  actually 
due  to  a  biaa  induced  from  atten^ting  to  aample  in  equal 
intervala  at  a  frequency  too  cioae  to  the  aingle  maaauie 
meat  per  burat  (SM/B)  mean  data  rate.  Recall  that  equal 
time  meaanrementa  were  attempted  at  11.7  kHa  while  the 
coatinnaua  data  rate  waa  about  110  kHa.  Thua  the  contin- 
uona  data  cate  waa  about  7  timea  the  contmllrd  aampKng 
rate  which  may  be  anffident  Gould  et  el.  (1989)  to  prodnoe 
reaaonable  equal  time  meaaurementa.  The  SM/B  data  rate 
at  thia  pmnt  waa  only  about  35  kHa,  however,  dropping  to 
19  kHa  at  g  s  44.  Evidently  thia  ia  doae  eiwa^  to  18.7 
kHa  that  aome  of  the  equi-time  aamplea  had  to  have  come 
from  the  aame  particle.  Thia  imphaa  that  mnltiple  mea¬ 
anrementa  per  burat  were  made,  thua  inentriag  the  type 
of  biaa  explained  above.  The  Uaa  that  cauaed  the  reiulta 
in  Figure  9  ia  barely  perceptible  to  the  eye  aa  aeen  by  the 
80  fia  enrvea  in  Figure  11.  Thou^  the  biaaed  curvature 
ia  hardly  to  be  recogniaed,  it  baa  a  impact  on 

microacale  eatimatea  where  even  alight  changea  in  autocor- 
relation  function  curvature  make  a  huge  difference.  Thia 
b  why  accurate  microacale  eatimatea  are  extraocdiaaiily 
difficult  to  make. 

Tb  better  iDuatrate  the  point  of  too  qniddy 

whenuaiag  a  controlled  proceaaor,  new  meaanrementa  were 
made  at  35  kHa  («.e.  alot  width  =  ^  kHa)  when  the  SM/B 
data  rate  waa  approodmately  19  kHa.  In  thb  caae  the  biaa 
induced  in  the  antocorrelatian  near  t  =  0  b  readily  per- 
edved. 

5.  CONCLUSIONS 

It  haa  been  ahown  that  apQdag  in  ontocoerdatian  mea¬ 
anrementa  obtained  uaing  LDV  b  a  ^evalent  phenonnena 
that  may  be  cauaed  by  biaaea  indneed  by  continnona  aaat- 
pling  (if  aero-lag  pcoducta  are  not  inclnded  in  the  autococ- 
relation)  but  more  often  by  the  aqnacing  of  uncmrelated 
noiae  in  the  aero-lag  correlation  eatimate  (variance  of  the 
relodty  flnctuatiwia).  The  apikiag  r  '  ued  by  u  continnona 
proceaaor  aampKng  biaa  may  be  overcome  to  aome  extent 
in  the  poat-proceadng  atage  hr  ffitering  the  data  to  remove 
the  multiply  aampled  partide  m*— !»*■««—*«  if  neceaaaiy. 


25.6.7. 


l.Of-sj-i - 1 - 1 - 1 - 1 - 1  I - 1 - 1 - ; 

■  A  • 

A  •  OATA60tu.comctad 

.A*  ^Ata40tit,canrKtad 

08  -  A  *  .  *  •At«60iu  - 

•  A  AAt-40|S 

^  A* 

A  •a 

0.6-  *  * 

‘  A 

•‘;>A 

U  ■  Ei5  m/t  •  J  aa.  *  ■ 

•  j(/M-44  •  ;■ 

0.2  L - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 

0  0.0005  0.0010 


nn - 

-  A  *  - 


— I - - - 1 - 1— 

O  At  A  60  tu.  comctad 
^  At  a  40  tit,  cotraclAd 
•  AtB60iu 
▲Ata40iu 


*2a.  • 


•  ‘4 


Eoual  Time  Sampliiu 
Stinplet- 60000 
U-&15iii/t 


•_A  O  • 


x/M-44 


■*(•) 

Figure  11.  MRD  bias  in  controlled  sampling. 


but  it  is  recommended  that  processors  be  set  in  the  single 
measurement  per  burst  mode  during  any  autocorrelation 
measurements. 

Spiking  caused  by  squaring  of  uncorrelated  noise  is  un- 
aroidable  at  low  turbulence  intensities,  but  every  attempt 
should  be  made  to  reduce  this  effect  as  it  is  an  indication 
of  the  signal  to  noise  ratio  of  the  system.  As  noise  is  a 
function  data  rate,  a  compromise  must  be  struct  between 
noise  and  resolution  of  the  autocorrelation  function.  Of¬ 
ten,  however,  lower  noise  with  a  slightly  lower  data  rate 
allows  for  better  resolution  as  the  slot  sise  chosen  in  the 
slotting  technique  may  then  be  even  less  than  that  deter¬ 
mined  by  the  mean  data  rate  due  to  the  Poisson  arrival 
statistics.  In  general  it  is  better  to  achieve  high  data  rate 
through  higher  laser  power  rather  than  greater  photomul¬ 
tiplier  gain  and  sacrificing  data  rate  in  order  to  count  more 
fringes  is  a  good  trade-off  at  least  up  to  33  fringes. 

Spiking  effects  that  remain  even  after  adjustment  of 
system  controls  may  be  removed  by  backfitting  a  parabola 
from  the  second  and  third  slots  and  renormalising  against 
the  new  t  =  0  autoproduct.  This  assumes  that  the  slot  sise 
has  been  chosen  sufficiently  large  so  as  to  have  stable  cor¬ 
relation  estimates  in  the  slots  near  (  =  0.  This  backfitting 
procedure  corrects  the  variance  measurement  for  noise  ef¬ 
fects  and  thus  gives  the  correct  turbulence  intenties  in  the 
flow.  Grid-generated  turbulence  results  indicate  that  this 
procedure  allows  the  LDV  to  make  microscale  estimates 
with  precision  equal  to  that  of  the  hot-wire.  Both  instru¬ 
ments  must,  of  course,  sample  quickly  enough  to  resolve 
the  smallest  scales  of  the  flow  in  order  to  obtain  accurated 
microscale  estimates. 
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I.  INTRODUCTION 

In  recent  years,  the  problems  tackled  by 
experimentalists  and  theoreticians  in  fluid  dynamics 
have  grown  considerably.  Sophisticated  flow  facilities 
like  large  size  or  high  speed  wind  tunnels  are  the  basis 
for  ambitious  experiments,  and  poweifiil  computers 
allow  modelling  of  very  complex  flow  fields.  Interest 
has  turned  to  nonstationaiy  flows,  their  spatial 
structures  and  their  development  in  time.  An  ultimate 
aim  is  to  measure  and  understand  the  evolution  of 
turbulence. 

The  metrological  tools  for  the  experimental  study 
of  flow  fields  have  also  seen  an  impressive 
improvement.  Optical  probing  of  the  flow  through  tracer  - 
particles  has  been  preferred  because  it  allows  noncontact 
remote  measurements  with  high  spatial  resolution.  It 
relies,  however,  on  the  presence  of  small  particles  in  the 
flow  and  assumes,  that  the  particle  motion  faithfully 
resembles  the  fluid  motion.  In  gaseous  flows  this 
requires  veiy  small  particles  and  sets  limits  to  the 
largest  velocity  gradients  acceptable. 

Fluid  velocity,  the  characteristic  parameter  of  the 
flow,  is  a  three-dimensional  quantity  and  many  flow 
configurations  of  interest  are  of  three-dimensional 
nature.  Especially  the  structural  character  of  a  flow,  a 
topic  of  current  interest,  is  only  revealed  by  its  spatial 
features.  When  the  flows  are  very  voluminous  or 
measuring  time  is  expensive,  the  effort  or  the  cost  to 
scan  the  flow  with  a  single  point  probe  are  enormous 
and  may  be  even  prohibitive.  Even  more,  when  the 
flows  are  nonstationaiy  there  is  no  time  to  move  a  single 
point  probe  through  the  flow  field. 

In  view  of  these  problems,  much  recent  effort  has 
been  dedicated  to  the  development  of  flow  velocimetiy 
in  several  dimensions.  Particle  image  velocimetiy  (PI\0 
is  presently  the  most  successful  technique  for 
quantitative  whole-field  flow  velocimetiy  (Hinsch 
(1993a)).  It  relies  on  the  double  exposure  high-qieed 
recording  of  tracer  particles  and  provides  the 


simultaneous  registration  of  the  in-plane  velocity 
components  within  a  plane  from  the  flow  volume.  The 
field  of  observation  is  selected  by  the  placement  of  the 
illuminating  light  sheet.  Usually  t^  particle  pair 
separation  is  evaluated  hv  processing  small 
interrogation  areas.  Photographic  ai^  video  techniques 
contend  for  the  recording,  digital  and  optical  methods 
for  the  processing. 

Strictly  speaking,  PFV  is  not  a  whole-field 
technique  bemuse  velocity  is  measured  at  locations  in  a 
single  plane  only  and  without  the  depth  component.  The 
study  of  complex  and  nonstationaiy  flows  calls  for 
extensions  in  ^1  dimensions.  Two  basic  approaches  are 
pursued  presently  ; 

-  Conventional  imaging  with  more  than  one  camera 
from  different  directions.  This  includes  stereoscopic 
recording  of  a  light  sheet  as  well  as  video  imaging  of 
a  large  field  with  several  cameras.  Depth  of  focus  is 
a  limiting  factor  in  these  methods. 

-  Holographic  recording  of  a  deep  volume.  This  solves 
the  focus  problem  and  allows  almost  unlimited  depth 
of  field.  Thus,  for  true  three-dimensional  studies 
holography  is  the  method  of  choice.  The 
reconstructed  panicle  fields  can  be  processed  by 
conventional  techniques,  stereoscopically,  for 
example. 

Holographic  records  cannot  be  evaluated  by  the 
reliable  interrogation  schemes  developed  for  PIV.  Often, 
costly  three-dimensional  particle  tracking  must  be 
emplc^ed.  We  have  therefore  developed  a  concept  that 
preserves  favourable  properties  of  ordinary  PFV  while 
offering  the  extension  into  the  third  dimension.  Yet,  the 
method  is  restricted  in  its  application  to  moderately 
three-dimensional  flotvs  because  the  flow  is  still 
sampled  by  light  sheets.  For  a  deep-volume  study  the 
^stem  features  are: 

-  The  light  sheet  is  retained  to  establish  the  region  of 
investigation. 

-  The  deep  volume  is  covered  by  a  hologram  of  several 
light  sheets  at  proper  spacings  in  depth. 

-  (Optimum  use  is  made  of  the  illuminating  light  by 
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multiple  pass  through  the  volume. 

-  Crosstalk  between  light  sheets  can  be  avoided  by 
CT'  «;rence  adjustments  in  the  holographic  recording. 

-  Light  sheets  are  evaluated  one  by  one  by  the  well- 
known  methods  of  interrogating  a  PIV  transparency. 

2.  HOLOGRAPHIC  VELOCIMETRY  OF  PARTICLE 
FIELDS 

2.1.  The  Principle  of  Holographic  Particle  Recording 

Holography  is  the  only  method  for  true  imaging 
of  three-dimensional  space.  All  particles  of  interest  in 
the  flow  are  illuminat^  with  a  properly  taylored  laser 
light  wave.  In  a  commonly  employed  configuration  (Fig. 
1),  the  complex  light  field  scattered  by  the  particles  is 
stored  by  superposing  a  reference  wa''<^  from  the  same 
laser  source  and  recording  the  interference  pattern  on  a 
photographic  plate.  Due  to  the  oblique  angle  between 
reference  wave  and  object  light  this  is  called  off-axis 
holography.  The  coherence  length  of  the  laser  must  be 
adequate  to  guarantee  interference  over  all  path  length 
differences  encountered.  The  developed  pattern  (the 
hologram)  is  used  to  reconstruct  an  image  of  the  object. 
For  this  purpose  the  hologram  is  illuminated  with  the 
original  reference  wave  that  reconstructs  a  virtual  image 
of  the  particle  field.  When  looking  or  photographing 
through  the  hologram  the  particle  configuration  can  be 
seen  as  it  was  during  the  recording  of  the  iiologram. 

A  very  useful  featiuu  of  holography  is  that  also  a 
real  image  of  an  object  can  be  obtained  without  the  need 
for  a  lens  system.  For  this  purpose,  the  hologram  must 
be  illuminated  with  the  complex  conjugate  of  the 
reference  wave.  For  a  divergent  spherical  reference 
wave  this  is  a  convergent  wave  ^m  tie  opposite 
direction.  In  this  case  the  hologram  produces  backward 
travelling  object  waves  that  form  a  real  image  of  the 
light  sheet.  With  a  CCD-array,  for  example,  a  plane 
anywhere  through  the  field  could  be  examined  for 
particles.  If  aberrating  media  like  windows  or  low 
quality  lenses  have  distorted  the  object  wave  on  its  way 
to  the  holographic  recording  plate,  these  distortions  can 
be  compensated  during  the  backward  path  of  the 
conjugate  wave  provided  the  distorting  media  are  still  in 
the  old  position. 

It  should  be  mentioned  that  holographic  particle 
imaging  in  the  off-axis  configuration  provides  a  solution 
of  the  ambiguity  problem  in  double  pulse  particle 
velocimetry.  When  operated  with  a  separate  reference 
beam  for  each  of  the  pulses  the  first  and  second  image 
have  been  distinguished  by  Coupland  (1987)  for 
removing  the  directional  ambiguity  that  is  inherent  in 
simple  double  pulse  recordings.  Hussain  (1993)  and 
Adrian  (1993)  have  used  a  dual  pulsed  Nd:YAG  laser 
system,  for  example,  to  supply  suitable  pulses  that  are 


aligned  to  travel  identical  object  illumination  paths  but 
different  reference  patlis.  Upon  reconstruction,  first  and 
second  exposure  can  be  viewed  separately. 

Off-axis  holography  is  easily  disturbed  by 
vibrational  noise,  requires  good  coherence,  and  relies  on 
an  accurate  reproduction  of  the  reference  wave  for 
reconstruction.  For  small  objects  like  the  flow  tracing 
particles,  the  so-cailed  in-line  arrangement  is  much 
simpler  and  provides  better  stability  (Meng  (1993)).  In 
this  case  there  is  no  extra  reference  wave,  because  the 
tiny  particles  leave  enough  of  the  illuminating  plane 
wave  light  undisturbed  so  that  it  can  serve  as  reference 
light.  In-line  holography  relaxes  many  of  the  restrictions 
mentioned  for  off-axis  holography  and  its  application  in 
particle  studies  has  a  long  history  (see,  for  example, 
Thompson  (1989)  and  Vikram  (1990)). 


Recording 


Reconstruction  of  virtual  image 


Fig.  1:  Holography  of  a  deep  flow  volume 

2.2.  Resolution  in  Holographic  Particle  Recording 

Particle  velocimetry  calls  for  small  and  high 
quality  particle  images.  Basically,  the  resolution  in 
optical  imaging  is  limited  by  diffraction  and  is 
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determined  by  the  angular  spread  Q  of  the  light  that 
contributes  to  image  formation.  Omitting  nonessential 
numerical  Actors,  we  obtain  for  the  transversal 
resolution  length  (X  being  the  wavelength  of  light) 

d,  »A/Q  (1) 

and  for  the  longitudinal  resolution  length 

d,  (2) 

When  a  particle  is  smaller  in  size  than  the  resolution 
length  it  will  not  be  resolved  in  the  image,  when  it  is 
larger  its  geometrical  image  has  to  be  convolved  with  a 
point  spread  function  whose  width  is  given  by  the 
resolution  length. 

Generally,  in  holography  the  angular  spread  is 
limited  by  the  size  of  the  hoiograpiiic  plate  and  its 
distance  ftom  the  particle.  This  assumes  that  the  particle 
scatters  evenly  over  the  range  occupied  by  the  plate.  For 
the  commonly  used  particle  sizes  (diameter  dp),  this  is 
the  case  for  a  large  angle  between  illumination  and 
observation  direction  (as  for  the  90°  viewing  in  PIV).  In 
the  in-line  arrangement,  however,  the  pronounced 
contribution  from  forward  scattered  light  is  essential. 
The  intensity  in  this  angular  region  exceeds  the  average 
intensity  in  other  directions  by  several  orden  of 
magnitude.  It  is  concentrated  in  the  central  lobe  of  the 
diffraction  pattern  of  the  particle  which  is  given 
approximately byQ  =  A/d^.  Thus 

d.  (3) 

d,  »  dp  /  A  (4) 

In  many  practical  cases  where  dp  is  considerably 
larger  than  X  longitudinal  focusing  will  be  much  lower 
than  transverse  focusing. 

Various  proposals  have  been  made  to  improve 
the  resolution  in  in-line  holography:  an  auxiliary 
illumination  beam  has  been  introduced  by  Royer  (1977) 
to  enhance  the  scattered  object  light  or  two  traditional 
in-line  setups  at  right  angles  have  been  combined  by 
Hussain  (1993)  or  Bernal  (1993).  In  another  approach 
multibeam  illumination  was  introduced  by  Hussain 
(1993)  to  increase  the  aperture  ly  recording  several 
scattered  fields,  each  of  exient  Q,  on  the  same 
hologram.  Thus  highly  effective  forward  scattering  is 
combined  with  good  axial  focusing  by  a  large  aperture. 
Such  setups,  however,  get  rather  complicated  so  that  a 
great  acK^tage  of  in-line  holography  is  sacrificed. 
These  considerations  and  the  beneficial  features 


mentioned  earlier  place  a  large  bonus  on  off-axis 
holography  for  particle  velocinietiy.  Despite  the 
disadvantage  that  the  overall  intensity  of  the  scattered 
li^t  is  much  tower  for  sidewise  observation  we  have 
therefore  made  off-axis  holography  our  method  of 
choice. 

2.3.  Noise  in  Holographic  Particle  Recording 

The  application  of  holographic  particle 
velocimetry  to  a  volume  of  large  depth  introduces  a  new 
problem.  When  the  positions  or  displacements  of  a  pair 
of  particles  must  be  evaluated  from  a  reconstructed 
image  (real  or  virtual)  the  light  from  additional  particle 
images  produces  a  disturbing  noise  background.  This  is 
especially  pronounced  in  in-line  holography,  where 
light  from  both  the  virtual  and  real  image  overlaps  and 
in  addition  is  disturbed  by  the  unused  portion  of  the 
reconstructing  wave.  Off-axis  holography  deserves 
another  credit  in  this  respect,  as  the  various  wave 
components  propagate  in  different  directions.  The 
contributions  from  out-of-focus  particles,  however, 
cannot  be  ehminated  when  a  deep  volume  is  illuminated 
as  a  whole.  Here,  the  light  sheet  concept  of  PIV  is 
superior,  because  only  the  particles  of  interest  are 
illuminated. 

For  a  simple  evaluation  of  an  ordinary  deep- 
volume  holographic  recording  the  virtual  image  of  the 
particle  field  can  be  photographed  by  focusing  on 
different  planes  in  depth,  one  after  the  other.  When  the 
planes  are  oriented  parallel  to  the  dominant  flow 
direction  these  records  provide  the  basis  for 
interrogation  as  in  PIV.  In  this  case,  what  is  the 
degradation  due  to  the  many  out-of-focus  particles? 

We  have  carried  out  an  analysis  that  is  based  on 
a  numerical  simulation  of  the  image  plane  superposition 
of  more  or  less  focused  images  from  particles  that  are 
distributed  within  a  volume  of  given  depth.  A  single 
plane  is  well  in  focus,  the  rest  oi  the  volume  is  sampled 
in  depth  by  a  series  of  other  planes  at  equal  1mm 
intervals.  All  particles  are  assumed  to  scafter  the  same 
ener^  that  is  spread  evenly  over  a  disk-shaped  image. 
Within  the  depth  of  focus,  tlie  size  of  the  image  is  given 
by  the  diffraction  limit  ( 16  pm  in  the  present  case,  set  by 
the  F-number  of  8  of  the  imaging  optics),  outside  by  the 
appropriate  geometric  groivth  determined  by  the  4°  cone 
of  light  limited  by  the  aperture.  Particle  positions  are 
placed  at  random,  the  average  number  per  1  mm^ 
interrogation  area  of  1  mm  depth  equals  15.  This  has 
been  found  by  Keane  (1990)  to  be  a  proper  choice  for 
reliable  evaluation.  Particle  pair  separation  in  the  focus 
plane  was  chosen  to  be  160  pm,  tlie  minimum  value  for 
good  performance.  For  each  out-of-focus  plane 
magnitude  and  direction  of  the  displacement  was  varied 
randomly  up  to  a  maximum  displacement  of  500  pm. 
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This  rq)resents  a  flow  situation  of  practical  interest 
where  the  velocity  changes  accordingly  within  the 
volume  under  investigation. 

It  must  be  mentioned  that  in  the  photography  of 
particles  fiom  a  holographically  reconstructed  double 
exposure  image  fleld.  the  contributions  from  first  and 
second  exposure  particles  add  up  coherently.  This 
differs  flom  a  directly  obtained  double  exposure  record, 
where  they  are  superimposed  one  after  the  other  and 
thus  are  summed  incoherently.  In  sheet  oriented  PIV 
with  low  particle  density  this  difference  is  of  no 
importance  because  hardly  any  particle  images  overlap. 
In  our  case,  however,  the  out-of-focus  images  of 
considerate  size  offer  many  possibilities  for 
interference.  Thus,  in  our  simulation  we  attributed  a 
random  phase  to  each  particle  image.  The  constant 
phase  qjproximation  within  a  particle  image  is  justified 
in  the  present  geometiy  because  the  cone  of  light  is 
restricted  to  less  than  the  first  Fresnel  zone. 


Intensity 

Fig.  2:  Intensity  histogram  for  60  mm  volume 

The  image  intensity  calculated  from  this  model 
environment  was  processed  like  a  common  PIV  record. 
We  calculated  the  power  qwctrum  by  n  Fourier 
tiansfonnation,  applied  a  zero  order  blocking  filter  and 
obtained  the  autocorrelation  function  from  a  second 
Fourier  transformation.  Finally,  a  search  for  the  highest 
peak  was  to  yield  the  particle  displacement  in  the  plane 
in  focus.  The  value  thus  obtain^  was  compared  with 
the  input  displacement.  An  experiment  was  rated 
succes^  when  both  the  values  agreed. 

With  growing  depth  of  the  volume  the  image 
plane  intensity  showed  an  increasing  amount  of  noise 
that  d^riorated  the  in-focus  images  and  spoiled  the 
corresponding  double  structure.  The  intensity 
distrilwtion  gradually  assumed  spedde  character  which 
was  proven  by  calculating  the  probability  density 
function  of  the  intensity.  For  a  60  mm  deep  volume  Fig. 
2  demonstrates  the  negative  exponential  dependence. 

Accordingly,  the  autocorrelation  pe:^  for  the  in¬ 
focus  di^lacement  gradually  were  buried  in  noise. 


Light  sheet  of  1mm  thickness; 


Volume  of  10  mm  depth; 


Fig.  3;  Scans  through  autocorrelation  functions 
(center  is  blocked) 

This  development  is  shown  by  Fig.  3  where  we  have 
plotted  scans  through  the  autocorrelation  function  along 
the  direction  of  the  displacement.  A  single  plane 
particle  field  is  compared  with  a  volume  of  one 
centimeter  depth  (10  layers  of  model  particles).  The 
shown  examples  are  from  the  outcomes  that  could  be 
evaluated  correctly. 


depth 

failed  evaluations 

confidence  interval 

|mm] 

(of  100) 

I%1 

1 

4 

10.71 

10 

14 

17,201 

20 

56 

(45,661 

40 

72 

(63,801 

80 

96 

(95,1001 

Table  1;  Results  of  simulation 

The  results  of  the  experiments  are  summarized  in 
Table  1.  100  realizations  were  calculated  for  each  depth 
of  volume  and  the  number  of  erroneous  evaluations 
determined.  Furthermore,  the  95%  confidence  interval 
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mm  downstream  from  the  cylinder  was  observed. 
Holograms  were  made  on  Agfa  Gevaert  HOLOTEST 
10E7S  plates. 

Virtual  images  of  the  double  exposure  particle 
fields  were  reconstructed  from  the  hologram.  To  avoid 
distortions  by  a  wavelength  change,  ruby  laser  pulses 
were  also  for  reconstruction,  not  changing  the 
optical  setup.  Particle  images  were  photographed  with 
an  8S-tnm  lens  at  F-number  4  and  magnification  0.33. 
Identical  magnification  in  both  light  sheets  was 
guaranteed  by  translating  the  camera  for  optimum  focus 
without  changing  its  setting.  For  further  processing, 
positive  contact  transparencies  were  made  of  the 
original  photographs.  Quantitative  velocity  data  were 
obtained  by  automatic  processing  of  the  transparencies 
in  a  combination  of  Young's  fnnge  generation  and 
digital  computation  of  the  autocorrelation  function.  In 
the  firutl  plot  the  mean  velocity  is  subtracted  to 
emphasize  the  structures  in  the  flow. 

Velocity  vector  plots  of  both  the  light  sheets  are 
shown  in  Fig.  6.  The  cylinder  is  positioned  SS  mm 
upstream  to  the  right  and  halfway  up  the  frame.  The 
vortex  street  is  evident  in  both  the  planes.  A  clearly 
visible  spatial  shift  in  the  periodic  structure  is  evidence 
of  the  oblique  vortex  shedding.  It  amounts  to  about  9 
mm  which  yields  an  angle  of  about  13° 


3.  CONCLUSIONS 

Our  analysis  has  shown  that  moderately  three- 
dimensional  flows  can  be  sampled  successfully  by  the 
holographic  recording  of  a  set  of  light  sheets.  First  of  all 
this  method  makes  best  use  of  the  available  light  when  a 
sheet  is  redirected  through  the  flow  repeatedly. 
Furthermore,  a  study  of  signal-to-noise  conditions  h^ 
shown  that  this  is  superior  to  the  extraction  of  a  single 
plane  from  a  deep-volume  holographic  recording.  We 
have  also  analyzed  the  noise  produced  by  out-of-focus 
particles  in  the  multiple  light  sheet  concept  and 
estimated  the  improvement  that  can  be  gained  if 
individual  light  sheets  can  be  reconstructed  separately 
from  the  holographic  record.  For  densely  sampled 
volumes  the  reliability  of  the  evaluation  can  thus  be 
raised  by  our  light  sheet  holography  with  controlled 
coherence.  Since  this  requires  more  effort  in  the  optical 
setup,  such  an  estimate  can  guide  in  system  decisions. 
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ABSTRACT. 

The  paper  reviews  developments  in  3-component  sheet  and 
volume  velocimetry.  An  in-line  stereo  viewing  system  for  PIV 
is  presented  and  demonstrated  in  hydraulic  and  aerodynamic 
experiments.  The  colour  coding  is  used  to  delennine 
directionality. 

INTRODUCTION. 

There  is  currently  great  interest  in  three  component  pulsed 
laser  sheet  velocimeter  (PLV)  systems.  The  authors  have 
previously  published  studies  where  both  holographic  and 
stereoscopic  principles  have  been  demonstrated  to  be  possible 
scenarios  for  such  a  system  (Grant  et  al  (1991)).  The  experi¬ 
mental  difficulties  and  analysis  complexity  has  so  far  hindered 
the  general  acceptance  of  any  universal  scheme  for  three 
component  measurements. 

The  present  paper  reviews  these  methods  and  presents  an 
approach  using  two  in-line  cameras  to  provide  an  improved 
stereoscopic  viewing  system.  The  geometry  of  the  technique  is 
discussed  and  developed  into  a  form  which  was  used  for 
investigating  a  three  dimensional  flow.  Mathematical  transfor¬ 
mations  ate  summarised  which  allow  the  two  images  to  be 
reconciled  and  the  data  reliably  assembled  into  a  three  dimen¬ 
sional  image. 

The  visual  fusion  of  the  two  images  is  described  and  the 
procedure  shown  to  follow  a  hierarchical  scheme.  This  used 
spatial  cross  correlation  of  coirespociding  regions  in  the  two 
views  to  obtain  a  coarse  alignment.  This  allowed  both  the 
distribution  and  the  order  of  occurrence  of  the  particle  images 
to  be  taken  into  account.  Following  the  coarse  matching,  where 
position  and  destination  were  consideied,  individual  particle 
image  groups  were  matched  in  the  two  views  and  the  appropri¬ 
ate  velocities  obtained. 

The  arrangement  has  higher  resolution  away  from  the  optical 
axis.  This  feature  can  be  used  in  reconciling  the  two  views 
sitKX  the  limiting  case  along  the  optical  axis  gives  overlapping 
images  thus  establishing  a  reference  direction  or  point  in  each 
view. 

In  order  to  demonstrate  the  use  of  the  technique  for  velocity 
measurement,  two  experimental  studies  were  conducted. 

The  first  experiment  was  conducted  in  a  wind  tunnel  where 
the  mean  flow  passed  through  a  lights  sheet  inclined  to  the 


flow.  This  provided  a  standard  through  sheet  velocity  which 
could  be  used  for  method  validation. 

The  second  experiment  was  in  a  water  tank  in  which  vortex 
motion  had  been  generated  by  stirring  along  the  vertical  main 
axis.  The  crienution  of  the  light  sheet  was  vertical  so  that 
substantial  through-sheet  flow  was  present.  In  order  to  measure 
the  through  sheet  velocity  the  sheet  was  thickened.  The 
possibility  of  directional  ambiguity  was  eliminated  by  using  a 
colour  coded  illumination  scheme.  The  flashes  and  the  two 
camera  shutters  were  synchronised  and  controlled  by  a  PC.  The 
cameras  used  colour  transparency  film. 


I.  REVIEW 

The  significant  advances  in  two  component  Particle  Image 
Velocimetry  (PIV)  made  in  the  last  decade  (Grant  (1994))  have 
recently  encouraged  interest  in  three  component  velocimetry 
where  a  thickened  illumination  sheet  allows  the  measurement 
of  the  out-of-plane  component  The  established  two  component 
PIV  technique  suffers  from  and  inherent  parallax  error  which 
gives  an  apparent  in-plane  motion  due  to  through-plane  motion 
at  points  away  from  the  qitical  axis  of  viewing  (Laurenco 
(1986)).  The  three  component  development  studies  may  be 
conveniently  classified  into  holographic  and  stereoscopic 
viewing  methodologies. 

The  accurate  calibration  of  the  relationship  between  object 
and  inwges  in  stereograminetry  is  still  the  subject  of  general 
discussion.  Murai  (1980)  and  Kent  and  Eaton  (1982)  examined 
the  effect  of  camera  position  and  lens  distortion  on  the  object- 
image  relationshq).  The  efficient  application  of 
steteogrammetry  methods  to  FTV,  the  subject  of  this  paper,  was 
first  considered  more  than  a  decade  ago  (see  for  example  Utami 
et  al  (1984),  Chang  et  al  (1984). 

Adamezyk  and  Rimai  ( 1988)  used  electronic  mixing  of  the 
ouqnit  of  two  video  cameras  to  store  the  two  views  on  a  single 
frame.  Sinba  (1988)  demonstrated  the  relative  inaccuracy  of 
the  out-of-plane  measurements  compared  with  the  in-plane 
meaiturements.  More  recent  development  studies  in  the 
application  of  the  method  are  reported  by  Grant  et  al  (1991) 
who  used  a  single  camera,  split  screen  arrangement  and 
compared  the  performance  of  in-line  holography.  Trigui  et  al 
(1992)  considered  the  digital  interpretation  of  the  digital  images 
obtained  in  three  component  velocimetry  studies. 

Other  recent  variants  for  three  component  measurement 
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include  the  work  of  Thompson  (1989)  who  demonstrated  the 
great  potential  of  holography  for  simultaneous  particle  size  and 
motion  measurement  Cenedese  and  Paglialunga  (1988)  used 
parallel  light  sheets  of  differeni  colour  to  obtain  a  colour  coding 
from  which  a  depth  co-ordinate  could  be  obtained.  Willert  and 
Gharib  ( 1992)  used  a  single  camera  and  utilised  the  degree  of 
defocusing  as  a  means  of  obtaining  depth.  They  resolved  the 
ambiguity  relative  to  the  focal  plane  using  an  aperture  coding 
method. 

Key  problems  in  stereogrammetry  considered  by  the 
aforementioned  authors  have  been  loss  of  accuracy  in  the  third 
(out-of-plane)  component,  accurate  specificatian  of  camera  and 
object  position  and  unambiguous  registration  of  the  two  views. 
The  registration  of  the  two  views  refers  to  the  unambiguous 
matching  of  the  two  stereo  images,  usually  using  feature  points 
as  a  key.  Classical  stereogrammetry  studies  have  mostly 
considered  solid  objects  where  reference  features,  such  as  edges 
or  apexes,  are  easily  located.  In  PIV  the  particle  images  are 
frequently  considered  as  being  randomly  distributed  in  space  in 
a  Poisson  fashion. 

Investigations  which  used  image  groups  as  registration 
features  rather  than  individual  particle  images  have  been 
reported.  This  approach,  essentially  one  of  image  segmentation 
and  cross  correlation,  though  meeting  with  some  success  is 
computationally  intense  and  does  not  resolve  one  of  the  basic 
limitations  of  lateral  viewing  stereogrammetry,  namely  loss  of 
resolution  in  the  out-of-plane  component  (Figure  1). 

The  procedure  adopted  in  this  study  was  image  capture  from 
two  in-line  cameras,  in  one  of  two  possible  conTiguraiioas, 
followed  by  identification  of  corresponding  regions  in  the  two 
views  where  registration  features  could  be  identified. 

The  precise  matching  of  equivalent  particle  images  in  the 
two  views  is  necessary,  but  not  sufficient,  to  establish  the  three 
velocity  components.  The  velocities  can  only  he  determined 
when  the  relative  positions  of  the  cameras  and  the  laser  sheet 
ate  known.  In  the  present  experiments  in  situ  calibration  was 
achieved  by  placing  a  standard  optical  calibration  grid  in  the 
laser  sheet  and  recording  its  images  on  the  two  cameras  at  one 
depth  positions. 


2.  THE  IN-UNE  STEREOSCOPIC  PIV  SYSTEM  GEOM¬ 
ETRY. 

Two  possible  configurations  are  discussed  for  the  in-line 
imaging  system.  These  are  (i)  with  the  cameras  on  the  same 
side  of  the  flow  and  (ii)  with  the  cameras  on  opposite  sides  of 
the  flow. 

2.1  The  Camera  Imaging  System. 

The  image  formation  is  discussed  here  using  Gaussian  lens 
formulae.  The  use  of  the  Gaussian  model  allowed  an  accurate 
description  of  the  image  formation  process  (Figure  2).  A  single 
lens  was  used  to  represent  each  camera  imaging  system  with  O 
being  the  lens  centre.  O  was  taken  as  the  origin  of  a  world  co¬ 
ordinate  system  with  the  Z  axis  co-incident  with  the  lens 
principal  optical  axis  and  X'-O-Y'  representing  the  image  plane 
of  the  camera.  On  this  plane,  the  image  of  the  object  point 
P(X.  Y.  Z)  is  found  on  the  inverted  image  at  p  (x'.  y').  For 


simplicity  in  the  geometrical  argument  we  use  the  pseudo 
image  plane  Xa-Oa-Yg  which,  as  seen  from  the  figure,  is  placed 
at  the  same  distance  as  the  image  plane  from  the  camera  on  the 
opposite  side  of  the  lens.  The  pseudo  image  plane  has  an  erect 
image  (non-invetted)  of  the  same  dimensions  as  the  equivalent 
image  on  the  camera  back  focal  plane.  In  the  following 
discussion  the  “image  plane  refers  to  Xa-Oa-Ya. 

The  focal  length  of  the  camera  lens  is  f.  the  image  distance 
(to  the  pseudo  image  plane)  is  I,  =  OOa  and  the  distance  from 
the  lens  centre  to  the  object  point  is  Z.  The  Gaussian  lens 
formulae  gives 


1  =  -L  i. 
/ 


and 


2-/ 


x  =  mX.  y  =  my 


(1) 


or  r=mR,  in  a  cylindrical  co-ordinate  system,  where  R  is  the 
radial  co-ordinate  of  the  object  point  and  r  is  the  radial  co¬ 
ordinate  of  the  image  point  (Figure  2).  So 


/f=Vx^  +  y'^ 


with  m  being  the  magnification  between  the  image  plane  and 


the  object  plane. 


2.2  The  Geometry  of  the  In-Line  Stereo  System,  Both  Cameras 
on  Same  Side  of  Row. 


The  experimenul  realisation  of  this  concept  is  discussed 
below  in  the  description  of  the  wind  tunnel  tests  and  used  a 
beam  splitter  to  avoid  view  obstruction  between  the  two 
cameras. 

Figure  3  shows  the  geometry  of  the  in-line,  stereo,  viewing 
optics  arranged  so  that  both  cameras  are  on  the  same  side  of  the 
region  of  flow  (sheet )  to  be  observed.  The  camera  centres  are 
located  at  F,  and  Fb,  on  the  optical  axis.  Fa  and  Fb  are  sepa¬ 
rated  by  distance  d.  The  centres  of  the  two  pseudo  image 
planes  at  Oa  and  Og  are  taken  as  the  centres  of  two  plane 
Cartesian  co-ordinate  systems.  The  object  or  real-world  co¬ 
ordinate  system  is  cylindrical  with  the  origin  at  Fa  and  the  Z-  , 
axis  co-incident  with  common  optical  axis  of  the  two  cameras. 
The  relationships  between  the  real-world  point  P(R.  a.  Z)  and 
its  images  on  the  two  pseudo- image  planes  are 


Ll=_5_ 

l,  Z*d 

Ll-I 

h~Z 


(2) 


where  Ia=Fa‘  Og  and  I|>=Fb-  Og  with  la  and  Ig  being  the  image 
distances  from  the  respective  virtual  image  planes  to  the 
corresponding  cameras.  Equations  (2)  show  that  for  this 
configuration  the  nearer  camera,  camera  A,  always  has  the 
smaller  magnification.  The  images  on  the  two  planes  and  the 
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object  point  always  fall  on  the  same  azimuthal  angle. 
Rearranging  the  equations  (2)  gives  the  important  result 


or  R  =  ^  Z 

I*  h 


This  shows  that  the  magnification  changes  with  object  distance 
from  the  appropriate  image  plane. 

2.3  The  Geometry  of  the  In-Line  Stereo  System,  Cameras  on 
Different  Sides  of  Row. 

Figure  4  shows  the  geometry  of  the  in-line,  stereo,  viewing 
optics  arranged  so  that  the  two  cameras  are  on  the  either  side  of 
the  flow  sheet  to  be  observed  with  their  principal  optic  axis  co¬ 
incident  with  each  other  and  the  normal  to  the  tight  sheet.  The 
experimental  realisation  of  this  concept  is  discussed  below  in 
the  description  of  the  water  tank  tests. 

Referring  to  Figure  4  the  cameras  are  placed  on  either  side 
of  the  light  sheet .  The  plane  equidistant  from  the  two  cameras, 
XOY,  is  termed  the  reference  plane.  The  object  point  in  this 
light  sheet,  P(R,  a,  Z)  is  observed  at  (ra,  Sa)  and  (ib.  Sb)  on  the 
image  planes  of  the  two  cameras  respectively.  The  relationship 
between  the  co-ordinates  in  the  world  (reference)  plane  and  the 
local  co-ordinates  in  the  two  observational  planes  are  given  by 


I,  L+Z 
rt.  K 
h  ~  L-Z 
a,=o*  =  o 


where  2'L  =  FaFb  and 

7  —  .  / 

r,  lb  +  ft  la 


In  an  idea  case  the  image  distances  and  object  distances 
would  be  the  same  with  la  =  Ib.  In  this  case  there  is  no  simple 
constant  relationship  between  the  magnifications  of  the  two 


2.4  Calibration  of  the  System. 

As  seen  above,  in  equations  (3)  and  (4),  the  image  distance 
and  the  diqrlacement  between  the  two  cameras  are  requited  in 
order  to  interpret  any  two  stereo  views  of  flow  seed  particle 
position.  In  order  to  obtain  these  parameters  a  standard  optical 
calibration  grid  was  placed  at  the  centre  of  the  light  sheet  and 
recorded  by  the  two  cameras.  The  magnification  of  the  two 
images  of  the  grid  is  governed  by  equation  (1).  Consequently. 


Ia=/(\-nn,) 


mj, 


where  L«  is  the  distance  from  the  centre  of  lens  a  to  the  object. 
Lb  ix  tlx  distance  from  the  centre  of  lens  b  to  the  otqect  and  d  = 

U-U- 

Once  the  calibration  has  been  complied  the  nugnification 
of  the  two  cameras  can  be  obtained  and  from  this  ,  knowing  the 
focal  length  of  the  cameras  the  distances  I  and  L  are  obtained. 
The  position  and  focus  of  the  cameras  remains  fixed,  the  flow  is 
started  and  images  captured  without  disturbing  the  optics.  The 
three  dimensional  object  space  is  covered  by  the  depth  of  field 
of  the  cameras. 


3.  CORRESPONDENCE  MATCHING. 

As  indicated  in  the  introduction,  the  matching  of  features 
between  the  two  stereo  images  is  an  essential  feature  in 
stereogrammetry.  In  the  present  case  a  hierarchical  methodol¬ 
ogy  was  used.  Firstly  the  image  groups  on  the  individual 
planes  were  matched  using  the  statistical  PTV  approach  of 
Grant  and  Liu  (1989). 

The  next  stage  was  the  correspondence  matching  between 
image  groups  on  the  two  planes.  An  image  group  was  selected 
ononeof  the  planes,  A  say.  then  the  radial  oo-onfinste  of  the 
image  group,  ra,  was  measured.  The  correspondiiig  radius  in 
plane  Bis  then  ib  where 

ra-r.=R{-|-^}  =  -^{/b(l+|)-/.}  -(T) 

In  order  for  this  relationship  to  be  used  it  is  necessary  to 
know  the  depth  co-ordinate  of  the  object  particle.  Since  depth 
co-ordinate  is  unknown  it  is  only  possible  to  defme  the  extreme 
values  of  Ib  which  deffne,  quantitatively,  the  radial  window 
search  limits  on  plane  A  within  which  the  cone^nding  image 
will  be  found.  The  limits  are  determined  by  considering  the 
extremes  cases  where  the  object  particle  was  at  either  edge  of 
the  light  sheet,  thickness  2h. 

This  gave  the  limiting  values  of  Z  as  Z— ..  s  Lb-i-  h  and 
Znin  =  Lb  -  b.  Substituting  them  in  equation  7  gives  the  radial 
limits  of  Ib  for  the  search  window. 

In  the  case  where  the  observation  points  are  on  either  side  of 
the  illuminated  plane 

gives  the  relationship  between  the  radial  distances  on  the  two 
planes.  The  limiting  cases  for  depth  parameter,  21.  in  this  case 
are 

Z»..  =  L.-L  -f  h  and  Znua  =  La-L-b.  Substituting  them  in 
equation  8  gives  the  limits  of  ib-r*  for  the  search  window. 

The  angular  limits  for  the  search  window  were  chosen,  after 
some  empirical  iteration,  to  be 


±1  where  = 

2  Uifj 

The  use  of  the  In  function  ensured  that  the  search  angle 
increased  quickly  at  small  r  values  to  a  stable  value  at  large  R. 

Any  ambiguities  in  pairing  which  occurred  at  this  coarse 
matching  were  resolved  by  choosing  the  candidate  pairs  on  the 
second  plane  which  were  nearest  to  the  original  pair. 

4.  EXPERIMENTAL  DESCRIPTION 

4.1  The  Wind  Tunnel  Experiment. 

The  tests  were  conducted  in  the  Fluid  Loading  and  Instru- 
menution  Centre  closed  return  wind  tunnel  at  Heriot-  Watt 
University.  The  authors  are  involved  in  aerodynamic  studies  of 
wind  turbine  and  helicopter  rotors  where  there  is  an  interest 
both  in  wake  dynamics  and  in  blade  vortex  interaction.  For  a 
detailed  description  of  the  experiments  see  Horner  et  al  ( 1993) 
Grant  etal(1993). 

A  Yag  laser  was  located  on  the  wind  tunnel  roof  with  the 
beam  being  projected  down  into  the  working  section.  Sheet 
forming  optics  were  used  to  diverge  the  beam  to  a  thickness  of 
apinoximately  10mm. 

The  cameras  were  mounted  together  on  a  ftame  on  the  same 
side  laser  sheet  A  beam  splitter  was  mounted  on  the  frame  to 
allow  the  cameras  to  be  placed  with  their  axis  orthogonal  to 
each  other  to  avoid  interference  effects  .  A  HeNe  laser  was 
used  to  define  the  optical  axis  of  the  cameras  and  allow 
accurate  alignnumL  Figure  5  is  a  sketch  of  the  top  view  of  the 
experimental  arrangement. 

In  order  to  provide  a  standard  flow  whose  properties  were 
known  the  laser  beam  was  arranged  so  that  it  was  vertical  and 
al  4S°  to  the  mean  flow.  The  axis  of  the  camera  observation 
system  remained  at  tight  angles  to  the  laser  sheet  This  has  the 
effect  of  introducing  a  steady  cross  sheet  flow  of  known 
magnitude. 

Seeding  particles  were  introduced  to  the  tunnel  downstream 
of  the  working  section  ,  causing  no  disturbance  to  the  flow 
measurement  volume.  This  was  a  clear  advantage  of  a 
recirculating  tunnel.  After  some  use  the  tunnel  accumulated 
enough  seeding  to  seed  the  flow  automatically.  Seeding 
particles  of  polycrystalline  form,  with  a  volume  average  of 
about  30  microns,  were  used.  These  particles  were  found  to 
have  high  scattering  efficiencies. 

Figure  6  shows  examples  of  the  images  from  the  two 
viewpoints  (cameras)  superimposed  prior  to  processing.  When 
the  data  from  the  two  views  is  collected  for  analysis  the 
composite  image,  when  correctly  aligned,  takes  on  a  radial 
appearance.  This  is  because,  with  the  cameras  on  the  same  side 
of  the  experiment,  the  images  points  and  the  corresponding 
object  point  always  have  the  same  azimuthal  angle. 

4.2  The  Water  Tank  ExperimenL 

In  this  case  the  two  cameras  were  fixed  on  opposite  sides  of 
a  glass  sided  tank,  as  shown  in  Figure  7.  The  experiment  was 
concerned  with  local  swirling  flow  measurements  in  the 
presence  of  temperature  gradients  with  applications  in  energy 


processes. 

In  order  to  eliminate  directional  ambiguity  two  white-light, 
flash  guns  were  synchronised  and  covered  with  red  and  green 
filters  respectively.  The  slow  speeds  involved  in  this  experi¬ 
ment.  meant  that  the  pulse  duration  of  the  flash  guns  was  short 
enough  to  obtain  a  clear  image.  The  images  were  recorded  on 
colour  slide  liim  for  analysis.  The  coloured  negatives  were 
examined  under  white  light  illumination  with  preferential  red 
filtering  in  order  to  provide  an  input  to  the  monochrome  image 
processing  system  which  would  still  carry  time  signature 
inforrrution.  The  effect  of  the  filtering  was  to  produce  different 
intensities  and  sizes  in  the  image  partners.  At  this  stage 
preliminary  partner  grouping  was  achieved  using  methods 
developed  by  the  author  elsewhere  Grant  and  Liu  (1990). 

A  typical  stereo  image  segment  pair  is  shown  '  -  ’-ieure  8. 

5  THREE  DIMENSIONAL  DISPLAY 

It  is  possible  to  display  the  three  dimensional  velocity 
vectors  in  a  perspective  or  in  an  isometric  view.  The  isometric 
view,  when  projected  onto  the  surfaces  of  a  notional  reference 
cube  containing  the  data,  gave  an  accurate  (measurable) 
presentation  of  the  velocity  components  in  pairs.  The  perspec¬ 
tive  views  gave  an  impression  of  the  three  dimensional 
appearance  of  the  flow. 

By  animating  the  perspective  views,  the  image  may  be 
cyclically  oscillated  or  rocked  through  an  angle  of,  say,  90^> 
giving  a  clear  three  dimension  impression.  This  is  because  the 
oscillation  provides  stereo  cues  to  the  observer.  This  type  of 
cuing  is  an  action  unconsciously  peifonned  when  gauging 
depth  information  in  the  real  world.  Simulating  Ibis  action  in 
the  graphic  display  is  correspondingly  effective  and  informa¬ 
tive  in  the  interpretation  of  data  in  the  present  case. 

Examples  of  wind  tunnel  data  inside  a  reference  cube  and 
presented  in  a  perspective  view  are  seen  in  Figure  9.  Figure  10 
shows  the  data  viewed  isometrically  along  the  normals  to  the 
three  cube  faces,  effectively  giving  planar  projections  of  the 
data  along  the  three  co-ordinate  axis.  Figures  11  and  12  give 
the  same  data  displays  for  the  water  lank  data. 

6  DISCUSSION  AND  CONCLUSIONS. 

A  stereoscopic  viewing  system  for  three  dimensional 
particle  image  velocimetry  studies  has  been  described.  The 
system  uses  an  in-line  viewing  configuration  which  makes  the 
calibration  and  correspondence  matching,  implicit  and  impor¬ 
tant  in  strereogrammetry,  more  reliable  and  straightforward. 

The  camera  set-up  procedure,  using  a  low  powered  laser  beam, 
allows  the  position  of  the  film  planes  of  the  two  cameras  to  be 
optimised  prior  to  the  commencement  of  the  experiment. 
Calibration  of  the  cameras  takes  place,  in  situ ,  using  an  optical 
grid  in  the  observation  plane.  The  transformation  equations  arc 
demonstrated  in  the  present  paper  to  show  that  the  accuracy  of 
the  in-depth  component  measurement  increases  with  distance 
from  the  (co-incident)  principal  optical  axis  of  the  cameras. 

The  method  is  illustrated  by  its  application  to  wind  tunnel 
and  water  tank  tests.  In  all  cases  where  transparent  walls  are 
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to  contain  the  flow,  the  further  advantage  of  viewing  at  imaging  with  a  single  camera.  Experiments  in  Ruids  12.  353- 

notmal  incidence  is  implicit  in  the  present  method. 
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Figures.  The  Geometiy  of  the  In-Line  Stereoscopic 
Viewing  System,  Cameras  on  the  Same  Side  of  the  Flow 


Figure  6.  Flow  Images  obtained  thun  the  Stereo  Viewing 
System  Shown  in  Figure  S  (Wind  Tunnel) 


Figured.  The  Geometry  of  the  hi-Line  Stereoscopic  Figure?.  APlan  View  of  the  Water  Tank  Experimental 

Viev.ing  System,  Camera  on  Different  Sides  of  tlM  Flow  Arrangement  Showing  the  Camera  on  Different  Sides  of 

the  Flow 
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(c).  a=-30°,  p=135°,  D=300.0iiiin 

Figure  9.  Three  Perspective  Projections  Showing  the  Wind 
'Hinnel  Data  Inside  of  the  Reference  Cube,  a  is  theView 
Pilch  Angie.  P  is  the  Yaw  Angle.  D  is  the  Eye  Distance 
from  the  View  Plane. 


S2 


(b).  a=0°,  P=180°,  D=300.0mm  (-X) 


(c).  a=90°,  P=90°,  D=300.0mm  (-Y) 


Figure  10.  Three  Planar  Projections  of  the  Wind  Tunnel  Data 
onto  the  sides  of  the  Reference  Cube.  The  Data  Range: 
X:-2I23  to  21S.lmm  Vx;-I000.0  to  844.7imn/s 
Y:-132.6  to  lS9.1mm  \y-1957.9  to  2896.6inin/s 
Z:'2S.7  to  243mm  Vz:-2676.9  to  20694. 1 mm/s 


(b).  a=  0“,  p=150°,  D=300.0mm 


(c).  a=  30“,  p=150“,  D=300.0mm 


(b).  a=0“,  p=180“,  D=300.0min  (-X) 


(c).  a=90“,  p=90“,  D*300.0mm  (-Y) 


Figure  11 .  Three  Penpectivc  Piojections  Showing  the  Water 
Tank  Data  Inside  of  the  Reference  Cube.  aistheView 
Pitch  Angle,  p  is  the  Yaw  Angle,  D  is  the  Eye  Distance 
firom  the  View  Plane  (SOOmm). 


r«ure  12.  Three  Planar  Projections  of  the  Wtier  Tank  Data 
onto  the  sides  of  the  Reference  Cube.  The  Data  Range: 
X:-26.8  to  30. 1  mm  Vx:-626.2  to  498.  Imm/s 
y:-46.0  to  42.imm  \^-1019.9  to  108S.9m/s 
Z:-39 J  to  27.2mm  Vz;-7803.0  to  45873mm/s 
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ON  THE  ACCURACY  AND  RELIABILITY  OF  PTV  MEASUREMENTS 
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ABSTRACT 

An  analysis  of  noise  in  nv  systems  was  undertaken  and  it 
was  found  that  invalid  vectors,  tenned  outliers,  bias  the 
measured  estimate  of  the  velocity  towards  zero,  artificially 
increase  the  rms  turbulence  value  and  interfere  with  the 
escperimentei^  perception  of  the  flow  fields  behaviour.  By 
adapting  robust  statistics  so  that  specific  features  of  both  fluid 
dynamics  and  the  PIV  measurement  technique  were 
accounted  for,  three  automatic  data  validation  procedures 
were  developed.  A  measure  to  assess  the  performance  of  the 
validation  methods  was  suggested.  The  validation  methods 
were  then  tested  inputting  a  simulated  vector  set 
containing  2S%  randomly  distributed  outliers.  It  was  found 
the  validatian  methods  were  feasible  to  implement  and  that 
even  with  as  many  as  2S%  outliers  in  a  vector  map  it  is 
possible  to  extract  the  original  vector  field  with  almost  no 
deviation.  Thus,  it  should  be  possible  to  obtain  reliable 
measurements  under  iMn-ideal  conditions  and  ther^  extend 
the  applicability  of  the  PIV  measurement  technique. 


1  INTRODUCTION 

This  paper  will  discuss  the  influence  of  ix>ise  on  PIV  data 
sets  with  a  view  to  developing  automatic  data  validation 
methods. 

The  accuracy  of  PIV  data,  as  with  data  obtained  by  any 
other  measurement  technique,  is  critically  affected  by  noise. 
Therefore,  an  analysis  of  the  noise  found  in  PIV  measurement 
systems  is  necessary  to  ensure  optimal  performance  of  the 
technique.  There  has  been  little  discussion  on  data  validation 
of  PIV  data  itself,  with  only  a  few  popers  from  Willert  ft 
Oharib  (1991),  Raflel  et  al  (1992)  and  Moraitis  (1991). 
Instead,  the  main  approach,  as  illustrated  in  the  aeries  of 
papers  by  Keane  ft  Adrian  (1992),  has  been  to  indirectly 
ensure  data  quality  by  satisfying  a  number  of  criteria  which 
encompass  all  aspects  of  the  measurement  technique,  that  is 
seeding  density,  illumination,  recording  and  analysis 


parameters,  as  well  os  properties  of  the  particular  Dow  field 
under  investigation. 

However,  even  if  such  criteria  are  satisfied,  there  is  still 
a  need  for  validation  of  the  PIV  data  set  because  there  is  a 
finite  probability  that  some  PIV  velocity  vectors  will  be 
erroneous  and  even  a  single  erroneous  vector  can  severely 
bias  the  experimental  data  set  Historically,  the  mein 
assessment  of  individual  vector  reliability  has  been  done  on  a 
human  intervention  basis  where  the  human  operator  produces 
a  display  of  the  vector  map  on  a  screen  and  intuitively 
considers  whether  individual  vectors  fall  outwith  eqiected 
norms.  Vectors  vriiich  are  deemed  'enoneourf  are  manually 
removed  lh»n  the  data  set  This  approach  is  far  from  ideal 
since  it  produces  an  indeterminable  bias  to  the  experimental 
data. 

One  reason  for  the ‘predominance  of  mamial  PIV  data 
validation  is  that  historically  researchers  have  oqitured  only  n. 
few  frames  of  each  flow  field.  The  low  data  rate  has  been 
partly  due  to  the  fact  that  PIV  records  have  been  captured 
I^wtographically;  the  time  taken  to  process  the  film  has  a 
significant  knock  on  effect  on  experimental  time  particularly 
when  fine-tuning  the  data  acquisition  process.  Furthennore, 
when  the  data  acquisition  process  has  finally  been  idealised, 
data  is  captured  on  only  I  or  2  rolls  of  film  since  it  typically 
takes  several  hours  to  analyse  a  single  frame.  That  is,  the 
total  number  of  analysed  vectors  has  been  linuted  by  the 
previously  available  technology. 

With  FlouMap  from  Dantec  Measurement  Teefararfogy 
A/S  evaluating  several  thousand  vectors  per  second,  such 
techndogical  constraints  will  no  longer  exist  and  so  huge 
data  sets  will  be  produced.  When  millions  of  PIV  velocity 
vectors  are  evaluated,  it  is  not  feasible  to  validate  vectors 
manually  and  so  criteria  for  autonutic  data  validation 
algorithms  are  required. 

Automatic  data  validation  methods  would  also  be  of  use 
where  flow  fields  are  produced  in  large  scale  facilities  vidiere 
experimental  time  is  at  a  premium.  Here,  there  may  be 
insufficient  time  to  satisfy  all  the  seeding.  iUumination, 
recording  and  analysis  system  constraints.  Thus,  leaearehen 
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will  require  u  much  inroimatioa  as  possible  Ihim  PIV  dota 
sets  obtained  under  non-ideal  conditions.  Here,  a  reliable 
means  of  determining  whether  individual  velocity  vectors  are 
reliaUe  would  be  innduable. 

Fuithetmoie,  as  the  PIV  technique  becomes  even  more 
popular.  inevitaUy  there  will  be  instances  where  researchers 
will  want  to  stretch  the  capabilities  of  the  method  since  many 
interesting  flow  fields  are  inherently  complex  in  their  nature. 
A  look  at  the  history  of  LDA  provides  mimerous  illustrations 
of  pushing  measurement  system  capabilities,  with  fiiU-scale 
pulverised  cool  buma  roeasurements  being  one  example. 
This  examide  is  a  useful  parallel  because  this  application  has 
generated  much  discussion  in  the  LDA  literature  with  regard 
to  signal  processing  and  validatioa  In  the  case  of  PIV,  since 
the  panicles  are  naturally  occurring  in  this  flow  field  and 
uniform  distribution  cannot  be  ensured,  indeed  particle 
oonoentration  is  oflen  of  interest,  it  is  unlikely  that  idealised 
PIV  measurement  procedures  can  be  satisfied  throughout  the 
flow  field.  Therefore,  if  PIV  is  to  be  successfully  applied  to 
the  study  of  such  flows,  mechanisms  for  automatic  data 
validation  should  be  deployed. 

Hence,  this  paper  will  discuss  PIV  noise  analysis  and 
suggest  approaches  for  automatic  data  validation.  An 
r  important  consideration  in  the  identification  of  qxirious 
vectors,  is  the  direction  as  well  as  the  magnitude  ofa  velocity 
vector.  That  is.  either  auto-correlation  with  directional 
resolution  or  aoss-carrelation  analysis  should  be  used  where 
the  direction  of  the  flow  field  is  uncertain.  Eiflia  option  is 
readily  inq>lemented  with  FlowMap  technology  where  the 
experimenter  has  the  choice  of  using  a  novel  CCD  camera 
with  built-in  directional  resolution  or  special  cameras  for 
cross-conelatioa  analysis. 

When  comparing  auUxonelation  and  cross-oonelation 
analysis  methods  item  a  data  validation  view  point,  the 
robustness  of  the  ctoss<orrelation  method  mokes  it  the 
preferred  option  for  determining  PIV  velocity  vectors.  Cross- 
oonelation  is  more  robust  because  it  requires  fewer  seeding 
particles  per  interrogation  region  and  has  a  much  larger 
dynamic  range  than  auUxorrclation  analysis.  Furthetmote, 
unlike  autocorrelation,  cross-correlation  inherently  produces 
vectors  with  a  ktwwn  direction  as  well  as  magnitude.  That  is, 
for  a  given  eqwrimental  circumsUmce,  there  is  a  greater 
probability  of  obtaining  a  true  velocity  vector  rather  than 
qmrious  noiae  when  de|d(^ing  cross-correlation  analysis. 

While  the  merits  of  the  cross-correlation  analysis  method 
have  been  discussed  in  the  past,  the  principal  reason  for  its 
inclusion  in  this  particular  paper  is  practical:  withFlou^dop 
technology,  cross-correlation  PIV  analysis  is  now  feasible  for 
both  low  and  high  q;)eed  flows. 

Note  that  the  terminology  of  signal  processing  theory  is 
incorporated  in  this  poper.  In  particular,  invalid  vectors  will 
be  termed  outliers:  as  will  become  apparent  in  the 
diacusnon,  invalid  vectors  are  normally  found  in  regions  of 
the  correlation  plane  which  are  far  from  the  position  of  the 


true  signal  peak.  That  is  in  outlying  regions  of  the  correlation 
plane.  Hence,  the  term  outlier. 


2  PIV  ACCURACY 

The  basis  of  the  PIV  analysis  method  is  that  a  multiple 
exposure  of  a  seeded  flow  field  is  recorded,  eitlier  onto  the 
same  frame  or  successive  frames,  and  the  correlation  function 
of  small  interrogation  regions  is  evaluated.  The  maximum 
peak  in  the  correlation  plane  is  at  the  location  of  the 
movement  between  the  two  recordings  (udien  disregarding 
the  self-correlation  peak  in  aulocorrelation  aiudysis) 

|rj/J(r)«  max/?{r)|«  {v-A/} 

Therefore,  by  determining  tlie  location  of  the  highest  peak  in 
the  correlation  plane  the  velocity  vector  is  found.  However, 
noise  in  PIV  data  and  PIV  measurement  systems  produces 
many  noise  peaks  in  the  correlation  function.  In  some  cases, 
this  noise  n»y  affect  the  accuracy  with  which  the  velocity 
vector  is  known.  A  further  possibility  is  that  the  height  of 
one  of  the  noise  peaks  may  be  larger  than  the  height  of  the 
actual  velocity  peak.  Unfortunately,  this  case  produces  an 
invalid  measurement,  termed  an  outlier. 

2.1  Problems  of  ontliers 

Outliers  interfere  with  the  assessment  of  the  flow  field  in 
both  a  qualibitive  and  quantitative  maimer.  Qualitatively, 
outliers  obscure  the  visual  information  in  the  PIV  vector  nuq> 
oixi  this  con  be  illustrated  by  comparing  Figure  1,  which  is  a 
vector  map  which  iiKludcs  outliers,  and  Figure  2  which  is  the 
sanK  data  set  with  the  outliers  reiimved. 


vectors. 
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FigureZ.  Validated  vector  map. 

This  diows  the  vector  map  shown  in  Figure  I  where  the 
outliers  have  been  removed  and  appropriate  substitutions 
made. 


Quantitatively,  outliers  have  a  significant  eflect  on  the 
mean  and  rms  velocity  statistics.  This  is  illustrated  in  Figure 
3  which  shows  measured  average  velocity,  vriiere  the  data  set 
includes  outliers,  versus  the  true  velocity.  For  a  given 
seeding  density,  as  the  trw  velocity  increases,  the  measured 
average  velocity  decreases.  That  is,  outliers  bias  the  average 
velocity  measurement  towards  zero  and  the  larger  the  actual 
velocity,  the  greater  the  bias.  The  extent  of  the  bias  is  also 
influenced  by  the  average  number  of  seeding  particles  per 
interrogation  region:  when  there  ate  12  particles  the  bias  is 
not  signiflcanL  Reducing  the  number  of  seeding  particles  per 
interrogation  region  increases  the  bias  in  the  measured 
velocity.  This  result  is  portly  explained  by  Figure  4  v^ch 
shows  the  probability  of  detecting  an  outlier  versus  the  ratio 
of  velocity  to  interrogation  length.  For  a  given  seeding 
density,  as  the  ratio  of  velocity  to  interrogation  area  length 
increases,  the  probability  of  detecting  an  outlier  becomes 
greater.  In  the  same  figure,  it  is  also  clear  that  the  probability 
of  detecting  an  outlier  is  dependent  on  seeding  density,  the 
larger  the  number  of  particles  in  the  interrogation  region,  the 
less  likelihood  of  detecting  an  outlier. 

Thus,  the  general  effect  of  outliers  on  statistical 
quantities,  udiether  these  are  evaluated  as  a  spatial  average 
over  a  single  PIV  recording  or  as  a  tennporal  average  over  a 
number  of  FIV  recordings,  is  to 

•  bias  the  measurement  of  the  mean  velocity  to  a 
value  which  is  lower  than  the  true  mean 

•  produce  rms  velocities  (turbulence  intensities) 
udiich  ate  greater  than  the  true  values 


Figures.  Biasing  ofvelodty  measurement  due  to  outliers. 
For  a  given  seeding  density  and  invalid  vectors  (outliers)  bias 
die  measured  velocity  value  towards  zero.  The  greater  the 
relative  ratio  of  velodtylength  of  intenogatioa  region,  the 
greater  the  bias.  The  lower  the  seeding  density,  the  greater 
the  bias.  Cross  conelaticn  analysis  ofPIV  mtenogation  area 
cn  32  x  32  pixels.  Constant  velocity.  300  realizations 
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Figured:  Outlier  probability. 

The  probability  of  making  on  invalid  measurement  due  to 
noise  in  the  correlation  plane  is  examined  os  a  function  of  the 
ratio  of  velocitylenglh  of  interrogation  regkm.  The  greater 
the  ratio,  the  more  likely  an  invalid  measurement  is  made. 
This  probability  is  also  dependent  upon  the  seeding  density, 
the  lower  the  seeding  density,  then  the  greater  the  probability 
of  obtaining  an  invalid  measuremenL  Cross  oonelation 
analysis  of  PIV  interrogation  area  on  32  x  32  pixds.  Constant 
velocity.  300  realizations 


2.2  Moddling  Noire  in  PIV  ^temt 
In  order  to  quantitatively  assess  the  effects  of  the  above  noiae 
on  nv  measurements  and  develop  strategies  to  remove  sudi 
noise,  an  analysis  of  noise  in  PIV  systems  is  required. 
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Conceptual  Model 

Consider  the  model  of  the  'noise  flow*  in  a  PIV  system 
shown  in  Figure  5.  Here  a  number  of  input  noise  sources  are 
processed  through  a  PfV  evaluation  system  and  this  results  in 
output  noise.  This  output  noise  can  be  classified  and  has  a 
diverse  range  of  characteristics. 


Figure  5.  Modelling  noise  in  PIV  systems. 

An  actual  source  of  input  noise  is  that  found  in  the  PIV 
recording.  When  the  PIV  recording  is  evaluated,  this  noise 
will  give  an  uncertainty  in  the  velocity  estimates.  This 
unceitainty  is  termed  the  output  noise.  The  magnitude  of  the 
input  noise  will  depend  tm  the  particular  experimental 
situation  and  the  laser,  camera  and  other  equipment  that  is 
used.  However,  it  is  possible  to  qualitatively  identify  and 
analyse  the  sources  of  noise  independently  of  the  specific 
experiment  Similarly,  while  the  magnitude  of  the  output 
noise  will  depend  on  the  specific  method  of  PIV  evaluation 
used,  it  is  possible  to  categorise  the  output  noise 
independently  of  this. 

Thus,  a  PIV  system  can  be  optimised  by  firstly 
considering  input  noise  and  the  sensitivity  of  the  PIV 
evaluation  system  to  it  Subsequently,  steps  can  be  taken  to 
minimise  the  effects  of  noise  on  the  complete  system. 
However,  in  this  paper  the  purpose  of  identifying  noise 
sources  and  evaluating  the  effects  of  such  noise  on  PIV 
systems  is  to  address  the  problem  of  data  validation. 

A  number  of  input  noise  sources  can  be  identified  and 
characterised  as  follows 

•  Particle  distribution  noise  is  due  to  the  random 
distribution  of  signal  particles  in  the  fluid  which  is 
being  measured.  This  is  inherent  in  the  PIV 
method. 

•  Measurement  noise  is  caused  by  optical  and 
electnmic  noise  in  the  equipment  used  for  recording 
the  PIV  images.  An  example  is  electronic  noise  in 
CCD  recorders  and  the  quantisation  noise  of  the 
chip.  Generally,  it  can  be  assumed  that  this  noise  is 
Gaussian  white  or  coloured  noise.  In  real  life  this 


noise  can  have  other  distributions,  but  the  Gaussian 
white  noise  assumption  usually  leads  to  rather 
robust  estimation. 

•  False  detection  noise  arises  when  sources  of  light 
totally  irrelevant  to  the  flow  interfere  with  the 
measurement.  This  noise  can  come  fhxn  reflected 
or  scattered  laser  light,  du^  in  the  optical  system 
or  malfunctioning  pixels  in  the  CCD  chip.  Since 
this  noise  depends  on  the  ^lecific  measurement 
situation,  no  analysis  of  its  distributioa  or 
characteristics  can  be  made. 

When  the  aforementioned  noise  sources  are  processed  by  the 
PIV  system,  it  will  result  in  uncertainty  in  the  velocity 
estimates.  This  noise  imcertainty  can  be  divided  into  two 
distinct  categories. 

•  Additive  noise:  This  manifests  itself  as  uncertainty 

in  the  location  of  the  exact  position  of  the  velocity 
peak  in  correlation  plaite.  It  arises  from  the 
cumulative  effects  of  particle  distribution  noise, 
measurement  noise  and.  to  a  lesser  extent,  false 
detection  noise.  In  some  cases,  it  may  be 
reasonable  to  assume  that  this  is  additive  Gaussian 
noise.  However,  the  noise  may  be  dependent  iqxm 
the  measured  velocity^  and  so  in  many  situations  it 
could  be  iwn-v^te  and  non-unifonn.  This 
uncertainty  also  affects  the  velocity  value  of 
neighbourhood  interrogation  areas  if  the 
interrogation  areas  are  overlapping.  Furthermore, 
due  to  nonmniformily  of  particle  distribution  and 
illumination,  this  noise  uncertainty  is  location 
dependent.  In  spite  of  these  reservations,  a 
Gaussian  white-noise  assuiiq)tion  gives  s'* 

reasonable  signal  characterisation. 

•  Outlierr.  Noise  produces  many  peaks  in  the 
correlation  function  and  in  some  cases  the  height  of 
one  of  the  noise  peaks  may  become  greater  than  the 
height  of  the  peak  corresponding  to  the  velocity. 
This  results  in  an  invalid  ineasuremenL  The  form 
of  this  outlier  noise  is  distinctly  mn-additive  and, 
as  discussed  later  in  this  paper,  its  distribution  is 
far  from  Gaussian. 

The  problem  of  additive  noise  is  relatively  well  behaved. 
Standard  methods  of  signal  processing  exist  for  dealing  with 
this  problem,  even  for  non-uniform  and  non-white  signals. 
The  fact  that,  in  contrast  to  most  signal  processing  problems, 
PIV  measurements  are  multidimensional  in  several  ways, 
docs  not  pose  serious  complications.  The  problems  of 
outliers  is  less  straight-fmward  and  methods  of  automatically 
identifying  and  removing  these  from  the  data  set  will  be  the 
main  subject  of  this  poper. 


^  Esbeewiear dependency  the  cooeluian  peak  hdils  on  Ihevdocily. 


26.4.4. 


In  order  to  develop  methods  for  automatic  removal  of 
outliers  from  the  PIV  data  set,  it  is  necessary  to  analyse  the 
effect  of  noise  on  the  calculation  of  correlation  functions.  For 
simplicity  of  notation,  the  analysis  is  one  dimensional. 

Consider  the  case  where  the  PIV  data  has  been  captured 
on  successive  image  frames,  v(r)  and  M<r),  and  so  the 
correlation  function  is 

f?(r)  =  v(rMt-f) 

If  the  noise  can  be  identified  in  each  frame,  the  noise- 
comipted  versions  of  v(r)  and  M<r)  are  v(i)4ny(r)  arul 
w(r)-fn„(r)  respectively.  If  these  are  captured  in  a  finite 
interval  [-T,TJ,  then  the  correlation  is 

r 

“  _v(f +  —)>»(* - )dt 

-r4,r|a  2  2 

r  r  r  r  r  t 

/+)r|ri  jWj  2  2  2  2 


,  Irh 

j«(r)+W(r) 

where  Mr)  represents  the  noise  terms.  Assuming  that  the 
signal  and  noise  are  uncorrelated  and  that  the  two  noise 
sources  n^fr)  and  n„(t)  are  independent  ana  white,  then 


i?{Ar(r  )}-0 

From  this  result  it  can  be  concluded  that 

•  The  height  of  true  correlation  peaks  will  decrease  as 
(l-|r  |/2r]  with  increasing  velocity  magnitude 
(represented  by  |r|).  This  is  a  triangular 
distribution. 

•  The  height  of  noise  peaks  will  decrease  as 
^l-|r  1/27.  This  is  a  square  root  distribution. 

Thus,  the  probability  of  detecting  an  outlier  instead  of  the 
true  signal  increases  with  increasing  velocity.  This 
probability  will  exacerbate  the  biasing  of  the  avmige 
velocities  towards  zero. 


The  easiest  noise  to  aruilyse  is  the  measurement  noise. 
This  case  exactly  corresponds  to  the  above  general  case,  in  it 
will  thus  give  an  outlier  distribution  that  is  syirunetric  around 
zero  and  has  the  above  square-nx>t  distribution. 


The  false  detection  noise  on  the  other  hand  is  very 
difficult  to  analyse  since  it  is  caused  by  specific  conditions  in 
the  concrete  experiment.  Let  us  suppose  that  any  false 
velocity  is  equally  probable.  In  this  case,  the  outlier 
distribution  vrill  be  syirunetric  around  zero  and  have  the 
above  triangular  distribution. 

o^tliff  djrtribhtjpn  for  <;»iftribH,tiguHa36 

The  outlier  distribution  due  to  particle  distribution  noise 
is  difficult  to  analyse,  yet  it  can  as  the  only  noise  source  be 
analysed  to  good  accuracy,  since  we  have  a  very  realistic 
statistical  rimdel  of  the  noise.  This  further  underlines  the 
fundamental  luiture  of  this  noise. 

SiiKC  the  noise  sources  can  be  reasonably  assumed  to  be 
independent  of  the  velocity,  it  would  seem  plausible  to 
assume  that  the  invalid  vector  value  arising  from  the  false 
correlation  peak  is  uncorrelated  with  the  true  velocity.  From 
this  assumption,  it  would  be  possible  to  have  the  following 
simple  model  of  outlier  distribution  in  velocity  vector  maps. 
There  is  a  probability,  p,  that  the  measured  correlation  peak 
corresponds  to  the  true  velocity  vector.  Otherwise,  the 
measured  correlation  peak  is  an  outlier  and  this  can  be  at  any 
location  within  range  with  equal  probability. 

However,  the  analysis  in  Section  2.1  shows  that  the 
probability  of  detecting  an  outlier  from  a  PIV  recording  is 
dependent  on  the  velocity  of  the  fluid  and  the  seeding  density. 
Furthermore,  computer  simulations  of  PIV  data  sets  show  that 
noise  peaks  in  the  correlation  plane,  and  hence  outliers,  are 
not  symmetric  around  zero.  This  is  illustrated  in  Figure  6 
^ich  shows  a  plan  view  of  the  correlation  platie.  The  true 
velociiy  signal  is  located  near  the  bottom  lefl  hand  region  of 
the  image  and  the  noise  peaks  towards  the  top  right  hand 
region.  This  distribution  of  noise  peaks  within  the  correlation’, 
plane  will  further  bias  the  velocity  towards  zero  if  outliers  are 
not  removed  from  the  data  set  Thus,  outliers  will  not  be 
uniformly  distributed  over  the  PIV  vector  map,  but 
concentrate  in  areas  of  high  velocity  and  low  seeding  rate. 
Tliis  feature  of  outlier  noise  can  be  termed  negative  velocity 
bias. 

The  authors  consider  the  finding  that  the  distribution  of 
noise  peaks  in  the  correlation  plane,  and  hence  ouiiiers,  are 
not  symmetric  around  zero  i.r  new  information  in  PIV  noise 
analysis.  Therefore,  a  theoretical  explanation  of  this 
phenomenon  has  been  undertaken.  However,  due  to  space 
limitations,  this  will  be  presented  in  a  future  paper. 
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Figmc  6.  Distribution  of  outliers  in  the  correlation  plane. 
The  tnie  veiocity  peak  is  in  the  bottom  leA  hand  region  of  the 
correlation  plane  whereas  the  noise  peaks,  which  produce 
outliers,  are  distributed  towards  the  top  right  hand  region. 
Cross  correlation  aiudysis  of  PIV  interrogation  area  on  32  x 
32  pixels.  Constant  velocity,  on  average  S  particles  in  the 
interrogation  area.  10000  realizations. 

2J  Validity  of  data  validation 

Although  data  sets  may  contain  invalid  measurements,  it  is 
important  to  consider  whether  it  is  reasonable  for 
experimenters  to  perform  data  validation  and  question 
whether  it  is  justifiable  to  deem  certain  measurements  to  be 
lalae^.  It  should  be  noted  that  experanenters  have  a  certain  a 
priori  knowledge  of  the  flow  field.  Hu?  knowledge  may  be 
the  upper  and  lower  limits  of  the  vdodty  vectors  or  that  the 
vectors  are  gradually  (spatially)  varying.  Automatic  data 
validation  is  a  formalisation  of  this  knowledge  in  a  model  and 
is  justifiable  if  the  effects  of  the  model  can  be  tested. 

2.4  Evaluation  of  data  validation  methods 
Before  developing  methods  for  validation,  it  is  therefore 
important  that  a  measure  the  performance  of  an  evaluation 
method  can  be  obtained.  A  rutural  measure  is  the  proportion 
of  outliets  the  method  correctly  invalidates  onrf  the  proportion 
of  correct  vectors  the  method  wrongly  invalidates.  However, 
this  method  of  evaluation  has  some  problems: 

•  It  does  not  give  us  a  single  number  to  tank  methods. 
Some  methods  will  be  very  good  at  finding  the 
outliers,  but  may  at  the  same  time  invalidate  many 
correct  vectors,  while  other  methods  will  perform 
oppositely. 

•  It  does  not  take  into  consideration  one  of  the  most 
important  functions  of  data  validation,  luunely  the 
removal  of  outliers  which  strongly  diverge  from  the 
dataset. 

•  Normally,  a  method  of  validation  will  also  define  a 
substitution  for  those  vectors  which  are  invalidated. 


Even  if  a  methods  invalidates  many  correct  vectors, 
this  will  not  be  a  problem  as  long  as  the  substitution 
is  very  close  to  the  correct  vector. 

A  measure  that  takes  into  consideration  all  of  these  effects  is 
the  following 


Here  v.  are  the  measured  vectors  (before  or  after  validation) 

and  v^*^  are  the  actual  vectors.  The  sununation  and  the 

averaging  is  over  the  PIV  measurement  field.  The  measure 
determines  the  difference  between  the  non-validated  or 
validated  &  substituted  vector  field  and  the  actual  vector 
field.  This  difference  has  been  normed  so  that  it  is 
reasonably  comparable  for  different  vector  fields.  The 
norming  is  so  that  it  more  or  less  measures  the  artificial 
turbulence  intensity  due  to  outliers  relative  to  the  true 
(spatial)  turbulence  intensity.  This  quantity  typically  is  a  few 
percent  before  validation  and  a  few  tenths  of  a  percent  after 
validation. 

It  is  recognised  by  the  authors  that  this  measure  is  ixit 
ideal  since  it  can  only  be  used  on  simulated  measurements  or 
measurements  of  known  flow  fields.  However,  this  is  a 
general  problem  which  is  encountered  in  the  assessment  of 
most  measurement  techniques. 


3  OUTLIER  REMOVAL 

Now  that  a  model  of  outliers  and  a  measure  of  the 
performance  of  validation  methods  has  been  established,  it  is 
reasonable  to  proceed  with  devising  methods  wdiich  will 
automatically  remove  outliers  fiom  PIV  vectors  sets.  This 
removal  of  outliers  will  be  called  validation. 

3.1  Robust  statistics 

Although  there  has  only  been  a  limited  amount  of  woric  on 
data  validation  in  PIV,  in  statistics  outlier  removal,  vriiich  is 
known  as  robust  statistics,  has  received  much  interest  during 
the  last  two  decades.  Some  recent  references  include  Barroso 
&  Mount  (1992),  Mitza  &■  Boyer  (1993),  Atkinson  &,  Muliru 
(1993),  Hardie  &  Boncelet  (1993),  Zhong  et  al  (1992)  and 
Veldhuis  (1988).  While  it  is  possible  to  get  inqnration  fiom 
these  other  fields,  PIV  measurements  have  some  unique 
characteristics  which  make  it  difficult  to  directly  apply  the 
methods.  Particular  differences  are  detailed  as  follows. 

1.  In  PIV  the  measurements  ore  vectors,  not  scalars. 

2.  In  signal  processing,  it  is  often  assumed  that  the 
data  is  a  realisation  of  a  stationary  process  of  which 
the  autocorrelation  function  is  known.  In  PIV,  there 
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is  a  limited  2D  field,  with  the  boundaries  playing  an 
important  role,  and  the  autocmrelation  is  not 
known. 

3.  In  flow  measurements,  in  contrast  with  image 
analysis,  the  values  generally  change  gradually 
(except  in  a  few  cases  like  boundary  layers). 

4.  In  PIV  aiulysis,  it  is  feasible  to  incorporate 
knowledge  of  the  fluid  dynamics  into  an  analysis  of 
the  measurement  validity. 

In  spite  of  these  reservations,  the  idea  of  robustness  could 
also  be  applied  to  PIV  measurements. 

Robust  statistics  is  applied  when  the  probability  density 
of  the  stochastic  variables  are  not  known  in  detail.  Robust 
statistics  should  give  a  roughly  correct  answer  for  a  wide 
class  of  probability  densities.  The  above  arulysis  of  outlier 
distribution  means  that  the  distribution  trends  are  known 
although  the  exact  distribution  is  not 

3.2  Deterministic  Model 

Two  possible  approaches  to  formulating  data  validation 
models  are  deterministic  or  probabilistic.  This  paper  will 
consider  a  deterministic  model  since  this  is  the  most 
straightforward  approach.  In  this  deterministic  model  there  is 
a  (vector)  functicnt  of  it  variables  (^  )  giving  a  set  of 

velocity  vectors  at  the  PIV  measurement  locations.  Of  the  it 
input  variables,  the  parameters  of  the  model,  some  can  be 
given  in  advance  while  others  have  to  be  fitted  so  that  tlie 
model  matches  the  measurements. 

An  example  of  this  approach  is  of  a  flow  field  which  is 
constant  throughout  the  PIV  measurement  area.  A  model  of 
this  flow  would  then  be  a  function  whose  input  parameters 
are  the  direction  and  magnitude  of  the  flow.  The  output 
would  be  an  array  of  vectors  each  with  this  direction  and 
magnitude.  If  M  is  a  PIV  measurement  (an  ordered  set  of 
vectors),  to  satisfy  the  model  ^must  be  found  so  that 

M-f^=0 

To  allow  for  (additive)  noise  in  the  measurements  and  a 
model  that  does  not  fit  totally,  this  constraint  can  be 
weakened  to 

where  (-I  is  some  suitable  norm  (distance  function).  The 
model  can  be  formulated  as  a  set  of  equations  that  have  to  be 
satisfied.  If  M  is  a  PIV  measurement,  then  it  has  to  satisfy 
the  equations 

|g^(M)|^rr 

which  allows  for  a  certain  deviation. 


The  number  of  parameters  are  called  the  degrees  of 
freedom  of  the  model.  The  fewer  degrees  of  fleedom  the 
model  has  then  mote  strict  the  model  is  in  the  removal  of 
outliers.  However,  the  fewer  degrees  of  fieedem  in  the  model 
then  the  nxxe  it  will  bias  the  measureroents.  This  bias  will 
be  severe  if  an  inappropriate  model  is  applied  to 
measurement  validation  since  it  will  produce  data  which  fits 
the  model  rather  than  assessing  whether  the  data  represents 
the  flow  field.  That  is.  the  model  would  be  self-fulfilling. 
Therefore,  it  is  important  to  achieve  a  balance  when  using 
deterministic  models  and  so  choose  models  with  an 
appropriate  number  of  degrees  of  freedom.  The  advantage  of 
the  model  approach  in  validatirm  is  that  the  model  is  e9q[>licit 
and  so  we  can  predict  what  bias  the  validation  will  produce  in 
the  measurements. 

Identifying  outliers  in  the  deterministic  model 

Afler  having  chosen  a  suitable  nwdel,  the  next  stage  of 
data  validation  is  to  find  vectors  which  are  deemed  outliers. 
That  is,  to  find  the  undetermined  parameters  of  the  model  so 
that  the  best  possible'  fit  to  a  given  set  of  measurements  is 
obtained.  A  usual  way  to  do  this  is  to  use  Least  Squares  (LS) 
fitting.  However,  LS  fitting  presupposes  a  Gaussian 
distribution  of  the  errors  which  is  an  inappropriate 
description  of  outliers.  As  pointed  out  in  the  literature  on 
robust  statistics.  LS  fitting  may  behave  very  badly  in  the 
presence  of  outliers.  LS  fitting  is  the  Maximum  Likelihood 
(ML)  estimation  (sec  Papoulis  (1991))  for  Gaussian  emrs. 
In  PIV  this  also  seems  to  be  a  reasonable  method  of  fitting  the 
undetermined  parameters  of  the  model  to  the  measured  vector 
map. 

Assuming  that  the  distribution  of  outliers  is  such  Ihat’> 
Uiere  is  a  probability  p  that  a  vector  is  cwrect.  Otherwise,  the 
measured  vector  is  on  outlier,  which  may  assume  any  value 
independently  of  the  correct  vector,  with  a  probability  (1  •  p). 
The  distribution  of  the  outliers  may  not  be  uniform,  but  the 
exact  disUibution  will  not  be  important.  This  approach  can 
be  extended  so  tliat  each  measured  vector  has  on 
individual  probability  that  it  is  ccmcL  This  probability  could 
be  obtained  from  say  the  peak  heights  in  the  correlation 
plane.  Denoting  that  the  probability  that  M/  is  correct  as 
PiP,  tlien  the  probability  that  it  is  wrong  as  -  p,p.  For  a 
given  set  of  parameters  p,  it  is  then  possible  to  partition  the 
measured  vectors  M  into  two  sets:  set  C  comprises  correct 
vectors  and  the  other  set  is  outliers  O  =  M  -  C.  Thus, 
denoting  the  model  as  g^,  C  must  satisfy 

|8^(C)|sa  (1) 

The  likelihood  function  (as  discussed  in  Papoulis  (1991))  for 
the  given  partition  and  the  given  set  of  porameters  is  now 
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L(M;C.4))-  U  P  P  U  0-P.p) 

Vj-eC  i  Vj.«0  I 

Maximum  Likelihood  estimation  is  the  maximisation  of  this 
function  with  respect  to  C  and  p.  For  general  pt  this 
maximum  is  complicated  to  And,  but  assuming  that  every 
vectm  has  the  same  probability  of  being  correct  produces  a 
simpler  expression 

where  |c|  is  tire  number  of  vectms  in  C.  Assuming  thot  p  > 

O.S  (that  is,  a  measurement  is  more  likely  to  be  correct  than 
wrong)  then  the  maximum  of  this  function  is  when  |C|  is 

maximum.  Note  that  this  maximum  is  independent  of  the 
value  of  p.  If  Pi  is  dinerent  for  different  i  this  statement  is 
not  true.  This  ML  principle  can  be  formulated  as 
the  model  should  he  fitted  so  that  the  fev/est  numbers  of 
vectors  are  invalidated 

Is  this  a  feasible  approach? 

Although  this  is  a  simple  principle,  it  is  impossible  to  do 
directly  in  practice.  This  is  because  it  is  a  discrete 
optimisation  problem,  and  in  general  it  is  impossible  to  solve 
these  exactly  in  a  reasonable  time.  Methods  which  give  an 
approximate  solution  to  the  problem  will  be  discussed  in  the 
section  3.3. 

Notice  that  the  model  fitting  breaks  down  if  more  than 
half  of  the  vectors  are  wrong.  In  that  case  the  ML  principle 
tells  us  that  we  should  invalidate  all  vectors.  It  is  a  general 
feature  that  outlier  removal  only  works  if  less  than  half  the 
measurements  are  outliers  (see  Rousseau  &  Leroy  (1987) 
chapter  4,  theorem  7). 

3,3  The  model  /  filtering  approach 
Although  discrete  optimisation  problems  are  generally 
impossible  to  solve  exactly,  methods  of  approximate  solution 
do  exist.  A  particular  method  is  simulated  oimealing  (see  e.g. 
Press  (1992))  and  aspects  of  this  ajqnooch  will  be  adapted  to 
FIV  vector  validation.  This  approach  can  be  termed  the 
filtering  model. 

A  niter  is  a  functicm /:  M  M,  which  given  a  set  of 
input  measurements  produces  a  modified  set  of 
measurements.  A  measurement  M  satisfies  the  filtering 
model  with  filter /if  M  is  invariant  under /, 

/(M)-M 

the  condition  in  equatiim  (2)  is  in  this  case 
|/(M)-M|Sc 

It  has  been  found  that  the  only  reasonable  norm  to  use  is  the 
max  norm,  thus 


m^(M),-M,|s*  (3) 

where  i  runs  over  the  set  of  vectors  in  the  measurement  M. 
Suppose  that  the  filter /  has  a  certain  convergence  property 

/•♦'>(M)-/<*>(M)->0  for  !!-►«  (4) 

for  all  M.  That  is,  when  starting  with  any  measurement  and 
applying  the  Alter  over  and  over  again,  the  result  will 
converge  towards  a  measurement  invariant  under/  With  this 
property  it  is  possible  to  implement  a  simple  validation 
approach; 

Apply  the  filter  to  the  measured  data.  Those  vectors 
vdiich  deviate  too  much  from  their  filtered  value  are 
labelled  as  outliers. 

This  simple  method  has  to  be  refuted  to  work  reasonably. 
The  outliers  will  aAect  the  Altered  measurements  also  at 
positions  udtere  there  are  no  outliers.  Thus  many  vectors, 
which  are  not  outliers,  will  be  labelled  as  outliers.  A  method 
to  overcome  this  is  by  repeated  filtering  (see  also  Moraitis 
(1991))  whereby 

1 .  the  Alter  is  applied  to  the  measured  data 

2.  those  vectors  which  deviate  too  much  Aon  their 
Altered  value  are  labelled  as  ooAiera  artd 
substituted  by  their  Altered  value 

3.  the  Alter  is  reapplied  to  the  new  set  of  measurement 
vdiich  contains  the  subsAtutions 

This  loop  is  repeated  a  certain  numba  of  times.  In  order  for 
this  ai^uoach  to  work  optimally  one  further  refmement  has  to 
be  made.  The  outlier  may  cause  large  deviations  between  the 
Altered  and  the  non-Altered  measurement  also  at  posiUons. 
where  there  are  no  outliers,  especially  in  the  neighbourhood 
of  the  outliers.  The  vectors  at  these  posiUons  will  be  labelled 
as  outliers  and  will  stay  as  such  throughout  the  following 
iterations,  even  when  the  true  outliers  are  delected.  This  is 
well-known  from  simulated  annealing:  if  the  temperature  is 
lowered  too  fast  (quenching)  the  system  is  Aozen  in  a  state 
wliich  does  not  have  minimal  energy.  By  adapting  and  testing 
a  simulated  annealing  approach,  a  method  of  overcoming  this 
problem  has  been  developed. 

In  Uiis  approach,  some  random  vectors  initially  labelled 
'outlierrT  subsequently  change  their  suite  to  non-outliers. 
Although  Uiis  has  some  positive  eAect,  it  is  minimal.  A 
better  way  is  to  let  e  in  equaUon  (3)  decrease  in  value  aAer 
each  iteration.  This  is  has  been  termed  on  rmnealing 
sequence.  In  this  way,  Uie  strongly  deviating  outlien,  whidi 
may  otherwise  cause  non-outliers  to  deviate  Dom  their 
Altered  value,  are  removed  during  the  first  iteration.  During 
the  next  iteration  e  is  decreased,  so  that  more  outliers  ore 
found,  and  so  on.  With  this  refinement,  the  metiiod  of 
Altered  validation  can  be  described  in  exact  terms  as  follows 
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Let  M°  be  the  original  measurement,  and  let  Cj,]  ^  \..N  be 
an  annealing  sequence.  For  each/ let 

/(M"^  ' ).  otherwise 

The  result  is  .  ^^tere  outliers  have  been  substituted.  If 
jhlf'  -  Mf  I  >  cjv  then  vector  i  was  an  outlier. 


To  use  the  above  method,  a  suitable  annealing  sequence 
fy,/ >  1...V  has  to  be  found.  The  s's  have  to  adapt  to  the 

measurement,  otherwise  one  has  to  experiment  with  the  e's 
for  each  new  measurement.  If  there  is  a  very  large  outlier  in 
the  measurement,  this  large  outlier  will  also  cause  other  good 
vectors  to  deviate  strongly  from  their  Altered  value.  Thus,  the 
s’s  must  depend  on  the  largest  deviation  and  it  was  found  that 
it  was  conveniently  to  chose 

r:^.=«^.m,x|M°-/(M^"S.| 

where  is  the  aeeeptemee  factor. 

To  use  the  model,  one  thus  has  to  And  the  number  of 
steps,  N,  the  (Anal)  acceptance  factor  Of/  and  a  suitable 
sequence  aj,J^\..N-\  decreasing  to  a^.  This  will  be 
discussed  further  in  Section  S. 

Developing  Suitable  Filters 

The  next  issue  to  address  is  which  Alters  to  use?  Both 
non-linear  and  linear  Alters  could  be  used.  Although  in 
general  non-linear  Alters  can  be  superior,  linear  Alters  were 
developed.  The  reason  for  this  choice  is  that  those 
measurements  satisfying  the  trudel,  the  invariant  set  of  the 
Alters,  can  be  described  very  easily.  Furthermore,  it  is 
straight  forward  to  And  the  convergence  properties  of  the 
Alters.  This  is  a  very  important  feature  of  a  validation 
method,  as  mentioned  in  section  2.4  since  this  makes  it 
possible  to  describe  and  predict  the  bias  of  the  methods.  The 
Alters  vriiich  will  be  discussed  can  be  written  as  a  convolution 

/(M)=f0M 

(The  issue  of  the  boundary  conditions  shall  be  discussed 
below.)  Thus,  in  the  Fourier  plane  the  Alter  is  a 
multiplication 

/(M)*.fM 


•  The  invariant  set  of  /  are  those  M  aatisfying 
sapp(M)cf~V(l})>  >  those  measurement  whose 

Fourier  transforms  is  only  non-zero  where  f  is 
equal  to  I. 

•  The  Alter  /  satisAes  the  convergence  condition  in 
equation  (4)  if  and  only  if  |f  |  ^  I  everyvidiere. 

Three  dilTerent  Alters  were  investigated. 

1.  Moving  average.  Here  the  Altered  vector  is  given 
by  an  average  of  the  vectors  in  a  certain 
neighbourhood.  The  invariant  subset  is  the  constant 
vector  Aelds. 

2.  Linear  interpolation.  The  Altered  vector  is  given  by 
Atting  the  vectors  in  a  neighbourhood  to  a  plane  by 
Least  Squares  Atting.  It  is  easily  proven  that  this 
Alter  can  also  be  expressed  on  the  form  given  in 
equation  (2),  attd  that  the  invariant  subset  are  the 
plane  vector  Aelds. 

3.  Ideal  low  pass  Altering.  The  Alter  is  given  by 
letting  t(x)  =  1  on  some  neighbourhood  of  0,  and 
zero  elsewhere.  In  two  dimensions,  not  only  the 
band  limit,  but  also  the  shape  of  a  Alter  must  be 
determined.  We  have  found  that  it  is  reasonable  to 
let  the  Alter  be  circular  symmetric,  due  to  the 
symmetry  of  turbulence.  The  invariant  subset  are  of 
course  those  vector  field,  which  are  ideal  low^iass. 

Boundary  conditions  pose  a  special  problem  in  the 
Altering  approach.  If  the  Oow  is  viscous,  it  will  converge 
towards  zero  on  boundaries,  and  the  boundary  problem  can  be 
solved  by  setting  the  flow!  field  to  zero  outside  the  boundaries. 
If  the  flow  can  be  considered  (almost)  non-viscous  this  caimo(. 
be  used.  Furthermore,  the  boundaries  of  the  PIV  data  set  do 
not  typically  correspond  to  the  boundaries  of  the  flow  and  so 
setting  the  flow  to  zero  outside  the  data  set  boundaries  will 
give  wrong  results.  A  more  realistic  condition  to  inqxise  is 
that  the  flow  extends  in  a  'bontinuou^  manner  across  the 
boundary  of  the  PIV  recording,  and  use  this  to  extrapolate 
within  the  measured  flow  field.  How  this  riiould  be  done 
depends  on  the  specific  Alter.  For  moving  average  Altration 
and  linear  Altration  it  is  quite  straightforward,  but  for  ideal 
low  pass  Altering  more  advanced  solutions  have  to  be  found. 

It  is  well-known  that  a  function  cannot  have  bounded 
support  in  both  the  space  and  frequency  domain.  Thus,  if  the 
bounded  domain  of  a  PIV  measurement  is  extended  by  setting 
it  to  zero  outside  the  boundaries,  the  result  will  not  be  low 
pass.  Thus,  intelligent  boundaries  have  to  be  set  The 
PapouliS'Oerchberg  algorithm  (see  Marks  (1991)  section  7.3) 
was  adopted  to  this  purpose.  Here,  the  initial  step  is  to  pod 
the  PIV  measurements  by  a  certain  number  of  zeros  and  then 
follow  the  algorithm  in  figure  7.23  in  Marks  (1991),  with  the 
modification  that  in  step  (5)  an  additional  substitution  is 
made.  This  will  not  wmk  so  well  in  practice,  since  PGA 
ideally  assumes  continuous  sampling,  it  does  converge  very 
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slowly  and  it  does  not  converge  in  the  I? -sense:  specifically 
it  does  not  converge  on  the  boundaries,  contrary  to  what  was 
wanted  (Gibb’s  phenomena).  To  improve  on  this,  the 
bandwidth  of  the  Alter  was  allowed  to  expand  from  iteraAon 
to  iteraticm,  initially  with  a  very  sharp  Alter  and  expanding  to 
the  chosen  bandwidth. 


4  TESTING  THE  VALIDATION  METHODS 

The  validatirxi  algorithms  were  tested  on  a  number  of 
simulated  pictures  an  example  of  vidiich  is  shown  in  Figure  1 . 
Typically,  a  random  selection  of  2S%  of  the  vectors  were 
designated  outliers.  This  provided  a  reasonable  method  of 
evaluating  the  performance  of  the  validation  methods 
although  it  was  not  a  realistic  distribuAon  of  outliers. 

Figure  2  shows  the  picture  aAer  validation  with  low  pass 
filtering.  Table  1  gives  a  suiruiuuy  of  results  of  this  and  the 
other  validation  methods.  All  the  data  is  for  6  iterations  and 
a  logarithmic  quenching  sequence,  except  the  last  entry  in  the 
table,  where  a  constant  acceptance  factor  was  used.  It  is  seen 
that  an  approfxiate  choice  of  quenching  sequence  is  essential 
for  reasonable  performance.  Also,  wdien  using  a  slowly 
decreasing  quenching  sequence,  the  choice  of  acceptance 
factor  is  non-critical.  If  a  too  low  a  value  of  acceptance  factor 
is  chosen,  many  valid  vectors  wilt  be  designed  outliers. 
However,  since  the  value  of  the  substituted  vector  is  so  close 
to  the  original,  this  is  not  a  serious  problem.  The  validation 
will  just  work  as  a  low  pass  Alter  on  the  data,  which  should 
not  prose  problems  provided  that  an  appropriate  selection  of 
Alter  is  made  in  the  first  instance. 


This  vector  map  shows  the  difTerence  in  vector  values 
between  the  raw  data  set  shown  in  Figure  1  and  the  validated 
data  shown  in  Figure  2.  Both  these  figures  are  in  Section  2. 


Table  1;  Performance  of  different  filter  models. 


measure 

Correctly 

invalidated 

IncorrecAy 

invalidated 

Low  Pass 

BSEBH 

259/261 

0 

Moving  avg. 

259/261 

0 

Linear 

256/261 

21 

Moving 
avg2 . 

6.110-'‘ 

257/261 

12 

In  all  coses  the  measure  given  by  equaUon  1  before  validation 
was  6.4-10"*. 


5  DISCUSSION  &  CONCLUSIONS 

A  review  of  the  PIV  literature  showed  that  only  a  handful  of 
papers  had  discussed  the  issue  of  automatic  PIV  data 
validation.  Since  there  is  a  Anite  probability  that  even  with 
ideal  data  acquisition  and  analysis  procedures  invalid  vectors 
will  be  produced,  validation  methods  are  required. 
Validation  methods  should  be  autonuAc  for  reasons  of 
practicability  and  experimental  rigour.  The  practical  aspects 
ore  that  with  FlowMap  evaluating  several  thousand  vectors 
per  second,  it  is  no  longer  feasible  to  examine  data  sets 
manually.  Experimental  rigour  is  compromised  by  manual 
data  validation  since  it  produces  an  indeterminable  bias  to  the 
measurement  process.  Further  important  considetaAons  are 
that  if  researchers  wish  to  adopt  the  PIV  techruque  in'* 
situations  wliere  dam  acquisitirm  takes  place  with  ma-ideal 
conditions,  then  there  should  be  validaAon  methods  to  ensure 
that  they  can  reliably  disAnguish  the  real  data  from  the  noise. 
This  will  also  be  useful  if  experimenters  which  to  extend  the 
application  of  the  PIV  technique  to  measure  complex  Aow 
fields. 

The  analysis  of  noise  in  the  correlaAon  plane,  v^ch  was 
generated  by  noise  from  both  PTV  data  and  measurement 
systems,  highlighted  two  problem  areas.  The  first  is  noise 
induced  uncertainty  in  the  locoAon  of  the  velocity  peak  and 
the  second  problem  is  dctecAng  a  spurious  noise  peak  instead 
of  Aie  peak  associated  with  the  velocity.  The  later  occurrence 
is  perhaps  the  more  serious  as  it  produces  an  invalid  vector 
udiich  was  termed  an  outlier.  Analysis  of  the  characterisAcs 
of  outliers  showed  that  they  bias  the  measured  esAmate  of  the 
velocity  towards  zero,  arAAcially  increase  the  rms  turbulence 
value  and  interfere  with  the  experimenter's  perception  of  the 
flow  fields  behaviour.  Even  a  single  outlier  can  signiAcantly 
affect  the  measurement  process. 

By  adapting  robust  statisAcs  so  that  qjecific  features  of 
both  fluid  dynamics  and  the  PIV  measurement  techiuque  were 

2 

*  with  comtaH  Kccpunce  factor. 
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accounted  for,  it  was  possible  to  develop  automatic  data 
validation  procedures  which  were  feasible  to  implement. 
Three  validation  methods,  flow  pass  Alter,  moving  average 
flier  and  linear  Alter  were  proposed.  In  order  to  assess  the 
performance  of  these  methods,  a  measure  was  suggested. 
This  was  used  in  a  controlled  test  of  the  validation  methods 
udiere  a  simulated  vector  map  was  altered  so  that  it  contained 
25%  randomly  distributed  outliers.  It  was  found  that  even 
with  as  many  as  25%  outliers  in  the  vector  map  it  was 
possible  to  extract  the  original  vector  field  with  almost  no 
deviation.  Thus,  it  should  be  possible  to  extend  the 
applicability  of  the  nv  measurement  technique  to  more 
cmnplex  flow  fields. 
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ABSTRACT 

Results  of  an  experimental  investigation  to 
determine  the  velocity  field  of  an  axisymmetric  supersonic 
jet  using  tiie  "on-line"  Particle  Image  Velocimetiy  are 
IHesented.  Particular  emphasis  is  placed  on  the  description 
of  a  shock  cell  structure  ctmiprising  of  shocks,  expansion 
fans,  and  three  dimensional  shear  layers.  Comparison  of 
tile  PIV  data  witii  those  obtained  fiom  pressure  and 
schlieren  fiow  visualization  show  good  agreement.  An 
interesting  phenomentm  of  internal  shear  layos  within  the 
jet  are  identified. 

1.  INTRODUCTION 

As  part  of  an  ongoing  program  to  study  die 
structure  of  supersonic  jets,  issuing  fixim  different  nozzle 
configurations  and  exit  conditions,  a  systematic  investiga¬ 
tion  has  been  carried  out  <m  a  jet  issuing  fitmi  an 
axisymmetric  nozzle.  This  program  was  intiated  by  the 
renewed  inteiest  in  the  development  of  exhauast  nozzle 
configurations  for  stealtii  airciitil  and  high  speed  civil 
transport.  The  focus  of  this  pqier  is  to  {xovide,  tiirough 
PIV  data,  a  better  understanding  of  tiie  shock-cell  structure 
that  is  associated  with  imperfectly  expanded  supersonic 
jets. 

The  near  field  structure  of  a  siqiersoiiic  jet  is 
mainly  determined  by  tiie  nozzle  exit  pressure  ratio  (exit 
{Nossure  /  ambient  pressure)  and  area  ratio  (exit  area/tiuoat 
area).  An  ideally  expanded  jet  is  tiie  one  where  die  exit 
plane  inessure  is  equal  to  ambient  pressure,  ctmimonly 
referred  to  as  die  design  condititm.  When  die  pressure  in 
die  exit  plane  is  greater  or  less  tiian  the  ambient  pressure, 
die  jet  is  referred  to  as  under  or  over  expanded  re¬ 
spectively.  To  minimize  tiirust  losses,  exhuast  nozzles  are 
goierally  designed  to  perform  at  the  ideally  expanded 
crnidition.  However,  under  many  circumstances  the  nozzle 
is  operated  away  fiom  the  design  condition  resulting  in  die 
generatirm  of  a  quasi-periodic  cell  structure  containing 
shocks  and  expansion  fhns,  referred  to  as  shock-cells.  The 
flow  field  wiAin  diese  shock  cells  is  yet  to  be  fully 
understood.  This  is  primarly  due  to  limited  measurements 
within  die  shodc  cell  structure.  In  order  to  characterize  die 


flow  field  in  a  siqiersonic  jet,  it  is  necessary  to  obtain 
measurements  of  at  least  two  fundamoital  variables  sudi 
as  density  and  velocity.  Whole  field  density  measurements 
have  been  made  widi  success  using  interferometeric 
(Ladenburg  and  Bershader  (I9S6))  and  more  recently 
Moird-Schlieren  methods  (Tabei  etal.  (1S191)).  In  this 
paper,  we  describe  a  novel  Particle  Image  Velocimetiy 
technique  to  obtain  instantaneous  two-dimensional  veloc¬ 
ity  field  with  in  a  selected  plane  of  die  jet 

On-line  Particle  Image  Vdocimetry 

A  fully  digital  and  operator  interactive  PIV 
system  develop  by  iourenco  (1990)  was  used  in  this 
experimoit  This  instrument  uses  a  high  resolutirm  CCD 
area  sensors,  replacing  the  conventional  photographic 
receding  and  processing  step,  and  state  of  the  art 
microcomputer  hardware  and  software.  Unlike  eariio- 
digital  approaches,  it  u  capable  of  recording  flows  widiin 
a  wide  range  of  velocities,  fiom  a  few  millimeters  per 
sectmd  to  several  hundreds  of  meters  per  second)  w^e 
retaining  the  spatial  resolution  of  a  conventional  3Smm 
film.  Hie  basis  for  the  evaluatitm  of  the  displacement  of 
particle  images  is  the  auto-cmrelation  method  (see 
Lourenco  etal,  (1994)  for  details).  This  system  was 
designated  as  "On-line"  PIV. 

The  main  components  of  this  fully  integrated  PFV 
are  the  laser  source,  with  associated  sheet  forming  optics, 
die  high  resolution  video  sensor,  the  microcomuter  and 
image  acquisition  and  processing  hardware.  A  video 
camera  (KODAK  1.4  M^aphis)  with  a  CCD  array  con¬ 
taining  1320(H)  X  103S(V)  active  pixels  was  used  to 
acquire  the  multiply  exposed  images.  The  pixek  are  6.8 
pm  square  and  have  a  center  to  cento*  placing  of  6.8  pm. 
The  spatial  resolving  power  of  this  sensor  array  is 
equivalent  to  74  line  pairs  per  mm.  The  camera  features  a 
buih-in  8  bit  anolog  to  digital  converter  diat  inoduces  a 
digital  video  output  signal  ctmtaining  256  gray  levels.  A 
customized  digital  interafiKe  and  flame  buffo  board  in 
die  host  ctmiputer  receive  and  stme  die  digital  flame  d«tii 
fiom  the  camera.  For  short  exposure  times,  the  ma-yimiim 
flame  rate  is  about  6.9  fiames/sec.  Using  a  calibiatkm 
mpoimoit,  Lourenco  etal  (1994)  have  demonstrated  that 
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the  velocity  measurement  error  is  bounded  and  of  the 
order  of  ±  1-2%  full  scale.  Using  this  technique  in 
combination  with  a  velocity  bias  method,  velocity 
measurements  in  regions  of  high  shear  can  be  made  with 
good  accuracy  (Lourenco  and  Krothapalli  (1994)). 

2.  APPARATUS,  INSTRUMENTATION  AND 
PROCEDURES 

A  blowdown  heated  jet  facility  was  used  for  the 
experiment.  This  facility  consists  of  a  high  pressure  (2000 
psig)  reservoir  with  a  capacity  of  10  m^  that  is  charged 
using  a  high  displacement  reciprocating  air  compressor. 
The  desired  stagnation  pressure  and  temperature  for  the  jet 
is  obtained  by  passing  the  high  pressure  air  through  a 
series  of  control  valves  and  electrical  resistive  heaters 
(power  =  450kW).  Microprocessor  based  closed  loop 
controllers  were  used  to  maintain  the  stagnation  pressure 
and  temperature  to  within  ±1%  of  the  set  values.  For  the 
detailed  description  of  this  facility  reference  can  be 
made  to  Wishart(1994). 

A  convergent-divergent  nozzle  with  a  design 
Mach  number  of  2  was  used.  The  nozzle  exit  diameter  D, 
was  2.94  cm.  The  jet  issued  into  an  ambient  medium. 
Stagnation  pressure  was  varied  to  obtain  underexpanded 
and  overexpanded  conditions.  A  converging  axisymmetic 
nozzle  with  the  same  throat  area  (4.4S  cm^)  as  the  Mach  2 
nozzle  was  used  to  generate  a  highly  underexpanded  jet . 
For  all  the  experiments  considered  here,  the  stagnation 
temperature  was  about  288  K.  The  exit  Reynolds  number 
based  on  fully  isentropic  conditions  was  about  3x10^. 

A  standard  schlieren  technique  was  used  to 
visualize  the  jet.  The  duration  of  the  li^t  flash  was  about 
2.5  psec.  The  image  was  captured  on  to  a  high  resolution 
(2048  X  2048  pixeb)  Video  camera  (KODAK  4.2 
Megaplus). 

In  applications  of  PIV  to  the  measurement  of 
high  speed  flows,  the  selection  and  implementation  of  die 
proper  seeding  strategy  is  a  major  factor  contributing  to 
successful  measurements  (Lourenco  and  Kroduqialli 
(1994)).  The  jet  was  seeded  widi  0.8  pm  AI2O3  particles. 
They  are  introduced  through  an  agitated  fluidized  bed  with 
low  mass  flow  and  velocity  so  as  to  allow  only  small 
particles  to  enter  the  flow.  The  suspended  particles  are 
then  passed  through  a  cyclone  particle  separator  to  remove 
any  remaining  large  particles.  The  detaib  of  the  seeding 
apparatus  were  given  by  Ross  et.al.  (1994).  The  ambient 
air  was  seeded  with  smoke  generated  by  a  Rosco  1300 
Fog/Smoke  generator.  The  generator  produces  particles  in 
the  range  of  O.S  to  1 .5  pm. 

The  laser  sheet  was  created  by  using  a  Lumonics 
double  pulse  (pulse  width  =20  nsec)  Ruby  huer  operating 


at  1  Hz.  The  width  of  the  light  sheet  was  about  IScm.  The 
thickness  of  the  sheet  was  about  1mm.  The  time  between 
pubes  was  set  at  1  psec.  To  capture  the  velocity  of  the 
entrained  fluid  fixim  the  ambient  medium  and  the  detaib 
of  the  shear  byers,  a  velocity  bias  was  applied  using  a 
high  speed  (dOOOrpm)  spirming  mirror  (Wishart  (1994)). 

Double  pulse  images  were  acquired  using  a  1.4 
MB  (1340x1035)  Kodak  digital  Video  camera  in 
conjunction  with  FFD  Mklll  "On-line"  PIV  system.  The 
images  were  processed  on  a  rectangular  grid  (50x60). 
Using  a  i486,  66  MHz,  based  computer  with  an  i860 
accelerator  board,  velocity  vectors  were  computed  at  a 
rate  of  30  vectors/sec.  A  schematic  arrangement  of  the 
apparatus  b  shown  in  figure  1. 


Figure  1 .  Schematic  arrangement  of  the  setup. 


3.  RESULTS  AND  DISCUSSION 

Figure  2  shows  typical  schlieren  pictures  of  the 
near  field  of  the  jet,  issuing  from  the  convergent-divergent 
nozzle,  operating  at  three  different  pressure  ratios 
(stagnation  pressure,  pj  ambient  pressure,  pj.  Photo- 
gr^hs  cover  the  region  frnm  die  nozzle  exit  to  three 
diameters  downstream.  The  knife  edge  b  oriented  normal 
to  die  jet  axb  to  accent  die  shock  cell  structure.  Figure  2a 
corresponds  to  the  case  where  the  nozzle  b  operating  close 
to  the  design  condition  with  a  very  weak  wave  system. 
When  die  nozzle  is  operating  away  frtim  the  design 
condition,  compression  (overexpanded  jet)  and  expansion 
frms  (underexpanded  jet)  occur  at  the  nozzle  exit  as  shown 
in  figures  2b  and  2c  respectively. 

For  highly  underexpanded  jeb,  strong  shocks  are 
formed  within  the  first  few  diameters  of  the  nozzle  exit 
Figure  3  shows  an  example  of  a  hi^ly  underexpanded  jet 
issuing  frnma  convergent  nozzle.  The  nozzle  pressure 
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(c)  Underexpanded  condition,  po  /p.  =  9.3 


Figure  2.  Schlieren  pictures  of  supersonic  jet. 

ratio  conespond  to  that  of  an  isentropically  expanded 
Mach  2  jet.  The  resulting  static  pressure  ratio  (nozzle  exit 
pressure/ambient  pressure)  is  4.  The  dominating  feature 
of  this  flow  field  is  the  normal  shock  at  the  center  portion 
of  the  jet  terminated  by  a  triple  shock  structure.  The 
normal  shock  is  commonly  referred  to  as  Mach  disk.  The 


distance  between  the  nozzle  exit  and  the  Mach  disk  is  a 
function  of  the  nozzle  pressure  ratio.  In  figure  3,  diis  dis¬ 
tance  was  measured  to  be  about  1 .78  D  in  agreement  with 
previous  measurements  (Landenburg  etal.  (1949)  and 
Tabei  etal  (1991)). 

A  typical  double  exposure  digital  image  of  an 
ideally  expanded  jet,  corresponding  to  figure  1,  is  shown 
in  figure  4.  Different  seeding  method  used  in  the  ambient 
(smoke)  and  the  jet  fluids  (AI2O3)  appear  in  the  picture  as 
a  descriminator  between  the  two  distinct  fluid  regions. 
Seeding  introduced  in  this  fashion  along  with  the  velocity 


Figure  3.  Schlieren  image  of  highly  underexpanded  jet 
p,/p,  =  7.8 


bias  makes  it  possible  to  obtain  the  data  widiin  the  shear 
layers.  From  this  and  a  number  of  similar  pictures,  the 
large  structures  observed  in  the  shear  layers  appear  to  be 
incoherent  and  ttree  dimensional.  Such  an  observation 
has  also  been  made  by  Clemens  and  Mungal  (1992)  in  two 
dimensional  shear  layers  under  similar  conditions. 


♦ 


Figure  4.  Double  exposure  digital  image  of  an  ideally 
expanded  jet  corresponding  to  figure  2a. 
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An  illustration  of  the  usefulness  of  double 
exposure  images  as  flow  visualization  pictures  is  clearly 
seen  in  figure  S.  This  picture  corresponds  to  the  schlieren 
picture  shown  in  figure  3.  The  variations  in  the  particle 
concentration  observed  in  the  picture  can  be  qualitatively 
related  to  the  density  of  the  fluid.  For  example,  a  distinct 
boundary  in  particle  concentraton  is  noticed  at  the  location 
of  the  Mach  disk.  In  the  subsonic  region  immediatly  after 
the  shock,  a  noticeable  increase  in  the  particle  concentra¬ 
tion  is  observed  suggesting  a  relatively  large  value  for  the 
density  as  compared  to  that  ahead  of  the  shock.  The  slip¬ 
line  shear  layer  inside  the  jet,  that  originate  from  the  triple 
point,  is  also  clearly  seen.  Because  of  their  relative  low 
convective  Mach  number  (M,;  »  0.3;  where  Me  =  (Ui- 
U2)/(ai+a2);  U,  a  represent  mean  velocity  and  speed  of 
sound  respectively,  and  subscripts  1  and  2  designate  the 
high  and  low  speed  sides  of  the  shear  layer)  large 
coherent  structures  are  observed.  Due  to  the  relatively 
high  underexpanded  condition  of  the  jet,  outer  shear  layers 
follow  a  concave  curvature.  Such  shear  layers  generally 
promote  the  growth  of  streamwise  structures  as  noticed  by 
Krothapalli  et.al  (1991).  As  a  result  they  become  three 
dimensional. 


Figure  S.  Double  expososure  image  of  highly 
underexpanded  jet  corresponding  to  figure  3. 


The  double  exposure  images  were  processed 
using  a  cartesian  grid  (x,  y;  where  x  denotes  the  ordinate 
along  the  axis  aligned  widi  the  centerline  of  the  jet  with  its 
origin  at  the  nozzle  exit)  of  50x60  corresponding  to  a 
physical  space  of  1.73x1.15  mm.  Mean  velocity  fields 
corresponding  to  figure  2  are  shown  in  figure  6  as 
uniformly  scaled  velocity  vectors.  These  were  computed 
using  12  instantaneous  velocity  fields.  The  mean  velocity 
variation  within  shock  cell  structures  is  captured  with 


(a)  Ideally  expanded  condition. 


(b)  Overexpanded  condition. 


(c)  Underexpanded  condition. 

Figure  6.  Mean  velocity  vector  fields  for  supersonic  jets 
corresponding  to  schlieren  images  in  figure  2. 

fidelity  as  shown  in  the  frgure.  A  better  representation  of 
the  shock  cell  structure  is  shown  in  figure  7.  The 
corresponding  out-of-plane  component  of  vorticity  was 
obtained  as  shown  in  figure  8.  In  addition  to  the  outer 
shear  layers,  the  inner  slip-line  shear  layers  were  also 
captured.  It  is  of  interest  to  note  that  the  vorticity  strength 
of  the  slip-line  shear  layer  is  comparable  to  that  of  the 
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outer  shear  layer.  For  example,  the  maximum  nwmalized 
value  of  vorticity  (Q^D/Ue)  in  the  outer  shear  layer  is 
found  to  be  about  15,  while  for  the  slip-line  shear  layer  it 
is  about  1 1 . 

To  asses  the  accuracy  of  the  PIV  data,  a 
comparistHi  is  made  with  die  centerline  velocity  data 
obtained  using  pitot  and  static  pressure  measurements  in 
an  underexpanded  jet.  Figure  9  shows  such  a  comparison 
for  the  jet  operating  at  conditions  correspcmding  to  those 
in  figure  7.  The  velocity  data  is  nonnalized  with  the  exit 
velocity  obtained  fitim  the  |»essure  data,  which  agrees 
with  the  theoretical  value.  The  PIV  data  at  the  nozzle  exit 
is  suspect  due  to  light  reflection  fixim  the  nozzle  surface 
which  dominate  the  scattering  from  the  particles.  The 
agreement  of  the  PIV  data  with  that  derived  from  pressure 
measurements  is  good  upto  the  shock  location.  Due  to  die 
particle  lag  the  PIV  dam  after  the  shock  differs  from  die 
fluid  velocity.  The  solid  line  represents  a  model  taking 
into  account  of  particle  dynamics  (Ross  etal  (1994). 


Figure  7.  Mean  velocity  field  for  highly  underexpanded 
flow  condition  corresponding  to  figure  3. 
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Figure  8.  Mean  vorticity  field  for  highly  underexpanded 
jet  Outer  most  contour  value  ^  2  ;  increment  ~  0.9. 


Figure  9.  Variatum  of  the  nmmalized  centerline  velocity 
of  an  highly  underexpanded  jet  Pe  /p,  -  7.8 

4.  CONCLUSIONS 

Application  of  the  "on-line”  PIV,  to  supersonic 
jets  is  demrmstTated  by  the  measurement  of  the  diock  cell 
structure  in  overexpanded  and  underexpanded  axisymmet- 
ric  jets.  By  using  different  seeding  material  for  die 
ambient  medium  and  the  jet  fluid  in  combination  with  an 
appropriate  velocity  bias  technique,  details  of  die  cmnplex 
velocity  field  is  obtained  with  fidelity.  These  include 
flows  with  three-dimensional  shear  layers,  shocks  and 
expansion  fans.  In  particular,  for  die  underexpanded  jet, 
die  internal  shear  la^  associated  widi  the  slip  stream  is 
identified.  The  particle  dynamics  model  propo^  by  Ross 
etal  (1994)  was  found  to  accurately  estimate  the  effects  of 
particle  lag  in  die  PIV  data. 
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ABSTRACT 

Precision  measuiements  of  velocity,  temperature,  and 
density  with  Filtered  Rayleigh  Scattering  nqtiire  that  the  filter 
characteristics  he  accurately  known  and  that  the  geometrical 
factors  be  properly  modeled.  Failure  to  account  for  these 
effects  in  low  F  number  optical  systems  will  lead  to  large 
errors  in  both  the  velocity  and  lemperatnre  measurements. 
The  best  signal-to-noise  is  achieved  with  a  sharp  cut-off 
blocking  niter  whose  width  exceeds  the  linewidth  of  the 
Rayleigh  light  scattered  by  the  air.  The  signal-to-noise  can  be 
further  enhanced  by  operating  in  the  ultraviolet  region  of  the 
spectrum  where  large  enhancements  in  the  scattering  cross 
section  and  belter  optical  filters  are  available. 


1.  INTRODUCTION 

Filtered  Rayleigh  Scattering  is  a  diagiwstic  tool  which 
has  been  recently  developed  for  imaging  high-speed  flow 
fields  (Miles  and  Lempert  (1990)].  The  approach  relies  on  the 
utilization  of  a  narrow  linewidth  laser  source  which 
illuminates  the  flow  and  an  atomic  or  molecular  blocking 
filter  whiefa  is  placed  in  flont  of  a  camera  which  observes  the 
scattered  light.  The  filter  has  a  very  sharp  cut-off  (from  10% 
transmission  to  90%  transmission  in  a  few  hundred  MHz)  and 
an  attenuation  of  many  orders  of  magnitude  on  line  center. 
FUtered  Rayleigh  Scattering  has  two  mtgor  applications.  The 
flrst  is  the  observation  of  weak  scattering  by  blocking  strong 
background  light  which  is  only  a  few  hundred  MHz  away. 
The  second  is  the  spectral  characterization  of  the  scattered 
light 

Both  of  these  features  have  been  demonstrated  in  recent 
laboratory  experiments.  The  blocking  capability  of  the  Alter 
can  be  used  to  remove  light  scattered  from  windows  and  walls 
in  order  to  permit  the  observation  of  weak  Rayleigh  scattering 
flom  the  flow  field  itself.  For  example,  a  series  of  two- 
dimensional  cross-sectional  slices  of  the  flow  field  within  a 
Mach  3  inlet  duct  were  imaged  using  this  technique,  leading 
to  a  volumetric  picture  of  the  crossing  shock  and  boundary 
layer  structure  [Forkey.  et.  al.  (1994)].  Without  the 
background  suppression  feature,  the  light  scattered  from  the 
air  would  have  been  obscured  by  the  light  scattered  from 
windows  and  walls.  In  this  experiment,  the  flow  cross 
sections  were  observed  from  downstream  through  a  mirror 
placed  in  the  flow  on  a  sting,  and  the  resulting  Doppler  effect 
provided  enough  frequency  shift  to  achieve  strong 


background  suppression.  This  feature  has  also  been  used  to 
observe  compressible  mixing  layers  [Elliot,  et  al.  (1992)]. 

The  ability  of  the  filter  to  resolve  the  spectral  character 
of  the  light  scattered  from  a  flow  was  demonstrated  in  a  Mach 
S  free  jet,  which  was  illuminated  at  45*  by  a  laser  sheet 
(Miles,  et  al.  (1992)].  As  the  laser  was  frequency  tuned,  the 
light  scattered  from  the  Mach  5  jet  was  swept  in  frequency 
through  the  absorption  banu  of  the  filter.  In  this  case,  the  light 
that  was  scattered  was  not  only  shifted  in  frequency  due  to  the 
Doppler  efliect  but  it  was  broadened  by  thermal  motion  of  the 
w  molecules.  By  observing  the  Rayleigh  scattering  from  air 
at  a  particular  location  in  the  flow  field  as  the  laser  frequency 
was  swept,  the  flow  velocity,  temperature,  and  relative  density 
were  determined.  C)ther  researchen  have  also  addressed  this 
aspect  of  Filtered  Rayleigh  Scattering,  exploring  the  velocity 
profile  of  mixing  layers  (Elliott,  et  al.  (1994)]  and  examining 
the  potential  of  Bltered  Rayleigh  Scattering  for  measurement 
of  mass  flow  pVinter  and  Shirley  (1993)]. 

The  utility  of  the  Filtered  Raleigh  Scattering  technique 
for  the  measurement  of  velocity,  temperature,  and  density, 
relies  on  the  accuracy  with  which  these  measurements  can  be 
made.  That  accuracy  depends  on  numerous  factors.  The 
fundamental  noise  process  is  shot  noise  associated  with  the 
number  of  photoelectrons  collected  from  each  resolvable 
image  element  To  reach  this  limit  however,  many  other 
things  must  be  precisely  known.  These  include  fnecise 
tracking  of  the  laser  frequency,  a  precise  characterization  of 
the  cell  transmission,  and  a  precise  understanding  of  the  enois 
introduced  by  the  collection  optics.  Two  paradigms  will  be 
used  in  this  discussion.  The  flrst  is  the  iodine  molecular  vapor 
flher  used  in  conjunction  with  a  frequency-doubled  Nd.YAG 
laser,  and  the  second  is  the  mercury  atomic  vapm  filter  used 
in  conjunction  with  a  frequency-tripled  titanium-sapphire 
User.  All  the  Filtered  Rayleigh  scattering  experimenu,  to 
date,  have  been  done  using  the  flrst  paradigm,  the  iodine 
molecular  vapor  Alter.  For  future  measuremenu,  however, 
the  mercury  vapor  Alter  shows  great  promise.  Preliminary 
mercury  filter  characterizations  scans  will  be  shown  together 
with  a  discussion  of  the  potential  impact  of  the  mercury 
vapor/TiUnium:Sapphire  system. 


2.  IODINE  HLTER 

The  operation  of  the  iodine  molecular  filter  relies  on 
specifle  absorption  lines  associated  with  the  B-X  electronic 
band  of  iodine.  These  transitions  have  been  studied  before, 
and  cuirent  literature  exisu  which  delineates  line  positions 
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and  extinction  coefficients  (Gersternkorn  and  Luc; 
Tellinghuisen  (1982):  Glaser  (198S)].  In  addition,  the  line 
broadening  can  be  modeled  assuming  a  combination  of 
thermal  and  collisional  processes.  While  the  accuracy  of  the 
literature  values  is  good,  it  is  not  sufficient  for  precision 
measurements.  For  example,  relative  line  positions  must  be 
known  to  an  accuracy  of  a  few  MHz,  the  line  broadening 
parameter  must  be  verified  to  the  same  accuracy,  and  the 
absorption  coefficients  must  be  known  to  within  a  few 
percent.  These  are  all  important  since  the  measurement  of  the 
velocity  has  an  error  of  approximately  I  m/sec  if  the  line 
position  is  off  by  1  MHz  (or  1  part  in  10‘).  and  the 
measurement  of  the  temperature  is  critically  dependent  on  the 
knowledge  of  the  slope  of  the  filter  cut-off.  which,  in  turn,  is  a 
function  of  the  broadening  parameter  and  the  extinction 
coefficient.  Generally,  the  iodine  molecular  absorption  cell  is 
operated  at  high  enough  iodine  density  so  that  the  absorption 
line  IS  optically  thick.  In  that  case,  the  maximum  slope  of  the 
cut-off  scales  as  the  square  root  of  the  log  of  the  product  of 
the  line  center  extinction  coefficient,  a,,  times  the  path 
length,  f.  divided  by  the  ibermal  linewidth,  ^ : 


In  order  to  achieve  sharp  cut-off.  the  thermal  linewidth  must 
be  narrow  (i.e.,  the  temperature  low,  and  the  mass  of  the 
molecule  high),  and  the  extinction  must  be  large  (i.e.,  high 
vapor  pressure  or  long  path  length).  The  accuracy  of  the 
measurement  improves  with  a  sharp  cut-off  ftiter.  This 
suggests  that  a  heavy  gas  vapor  with  a  high  vapor  pressure 
such  as  iodine  or  mercury,  is  desirable.  It  also  suggests  that 
the  cell  operate  at  the  highest  possible  extinction  coefficient. 
As  a  practical  matter,  this  is  limited  by  the  out-of  band 
absorption,  normally  associated  with  very  weak  absorption 
phenomena.  In  the  iodine  cell,  for  example,  there  is  a 
background  continuum  absorption  due  to  the  C-X  transition  in 
iodine.  This  continuum  absorption  leads  to  a  maximum 
contrast  before  the  off-line  center  transmission  begins  to  drop 
significantly.  In  iodine,  this  maximum  contrast  is 
approximately  S  orders  of  magnitude. 

A  series  of  experiments  have  been  conducted  in  order  to 
establish  with  precision  the  location  of  the  absorption  lines, 
the  behavior  of  those  lines  as  a  function  of  cel!  temperature 
and  iodine  partial  pressure,  the  maximum  extinction,  and  the 
effect  of  weak  background  absorption.  Thr  ;  experiments 
used  a  pair  of  continuous  wave  Nd;YAG  lasers.  The  first  of 
these  was  frequency-doubled,  modulated,  and  locked  to  a 
nearby  optically  thin  iodine  absorption  line.  A  portion  of  the 
infrared  beam  from  this  reference  laser  was  passed  into  an 
optical  fiber  and  onto  a  detector.  The  second  laser  was 
frequency-doubled  and  passed  through  the  iodine  cell  to  be 
characterized.  A  portion  of  the  infrared  light  from  this  laser 
was  combined  with  the  first  laser  in  the  optical  fiber  and 
passed  onto  the  detector.  The  beat  frequency  between  the  two 
lasers  was  measured  using  a  high  frequency  counter  which 
was  accurate  to  better  than  I  MHz.  As  the  second  laser  was 
swept  in  frequency,  the  transmission  of  the  iodine  cell  was 
recorded  while  the  frequency  of  the  second  laser  was 
precisely  monitored  These  transmission  versus  frequency 
measurements  were  repeated  for  various  different  iodine  cell 


vapor  pressures,  leading  to  optically  thick  absorpuon  profiles 
measured  with  an  accuracy  better  than  I  MHz. 

A  model  of  the  iodine  absorption  profile  was  initially 
constructed  using  literature  values  for  line  positions  and 
extinction  coefficients,  and  the  classical  expression  for 
thermal  broadening.  This  model  was  then  corrected  using  the 
accurately  measured  line  positions,  so  that  it  gave  a  precise 
match  with  the  experimental  data  taken  over  the  operating 
range  of  interest.  Figure  1  shows  the  measurement  of  the 
iodine  absorption  spectrum  and  the  corrected  model  fit  to  that 
measurement.  Note  the  correction  has  been  made  for  the 
optically  thick  line  of  interest,  the  residual  error  is  still 
apparent  on  other  lines  shown.  Once  this  model  has  been 
developed  and  validated,  it  can  be  used  as  a  tool  to 
deconvolve  from  tbe  experimental  data  the  linesbape. 
position,  and  strength  of  the  scattering  from  the  particular 
observed  element  in  air. 

In  the  case  where  the  scattering  light  level  is  low,  fast 
(i.e..  low  F  number)  optics  are  desirable  in  order  to  collect  the 
most  light  possible.  In  this  case,  additional  corrections  must 
be  made  to  the  data  to  account  for  the  subtended  angle  of 
collection  optics.  These  corrections  must  take  into  account 
two  important  phenomena.  Tbe  first  is  that  the  Doppler  shift 
associated  with  light  collected  through  one  portion  of  tbe 
optics  is  slightly  different  from  that  associated  with  light 
collected  through  another  portion  of  the  optics.  This  occurs 
because  the  Doppler  shift  observed  is  related  not  only  to  the 
angle  of  the  incident  laser  beam,  but  also  to  tbe  angle  at  which 
the  scattering  molecule  is  observed.  The  second  major 
correction  that  needs  to  be  applied  is  due  to  the  varying  path 
lengths  of  the  light  rays  as  they  pass  through  tbe  iodine  cell. 
In  the  case  of  an  optii^ly  thick  transition,  these  varying  path 
lengths  do  not  introduce  a  significant  change  in  tbe  data,  but 
should  be  taken  into  account  for  tbe  highest  precision 
measurements. 

For  example,  tbe  cell  response  to  an  idealized  Mach  S 
jet  (velocity  of  721  m/sec,  static  temperature  of  50  K.  and 
static  pressure  of  40  toir)  illuminated  at  45*,  and  with 
scatter^  light  collected  normal  to  the  jet  (see  Fig.  2),  is 
shown  in  Figs.  3  and  4  for  collection  optics  with  a  lens 
diameter  of  1/5  of  the  distance  from  tbe  lens  to  tbe  jet  (Fig.  3), 
and  with  a  lens  diameter  equal  to  tbe  distance  from  the  lens  to 
the  jet  (Fig.  4).  Each  figure  shows  three  curves.  Tbe  dark 
curve  corresponds  to  tbe  response  of  the  system  neglecting  the 
geometric  factors  and  neglecting  broadening  of  tbe  light 
scattered  from  the  air  (i.e.,  assuming  a  temperature  of  O’K  or  a 
mass  of  ••).  This  curve  just  gives  tbe  filter  response.  Tbe 
dotted  line  shows  the  system  response  to  tbe  point  in  the 
center  of  the  field-of-view  and  includes  tbe  geometric  factors 
associated  with  light  collection.  Tbe  dashed  curve 
incorporates  the  thermal  broadening  of  the  air  and  represents 
tbe  modeled  response  of  the  filter  and  optical  collection 
system  to  the  50  K  air  in  the  Mach  5  flow.  The  curves  all 
cross  at  the  same  point  since  the  broadening  in  all  cases  is 
symmetric.  This  crossing  point  is  used  to  determine  the 


velocity  of  the  flow.  It  is  evident  that  tbe 


=  1  collection 


optics  lead  to  an  effective  broadening  of  the  filter  cut-off. 
which  would,  in  the  absence  of  proper  modeling,  be 
misinterpreted  as  a  higher  temperature  of  the  gas  flow.  These 
geometrical  factors  are  different  for  different  points  in  the 
image  due  to  vignetting  and  the  associated  scattering  angles  of 
the  light  collected.  For  example.  Fig.  5  shows  tbe  effect  on 
the  observed  element  at  the  farthest  edge  of  the  field-of-view. 
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This  figure  corresponds  to  Fig.  4  (i.e.,  =  l).  but  note 

that  the  frequency  is  offset  somewhat  (about  350  MHz) 
because  the  element  observed  is  seen  from  a  different  angle, 
so  it  gives  a  significantly  different  apparent  velocity.  This 

shift  is  still  apparent  with  a  -  S  collection  geometry 

(Fig.  6),  but  is  significantly  smaller  (about  70  MHz). 
Nevertheless,  failure  to  account  for  this  shift  will  lead  to  a 
significant  error  (approximately  SO  m/sec  or  7%)  in  the 
velocity  measurement  of  the  Mach  5  jet. 

In  addition  to  the  fundamental  filter/collector  image 
transfer  characteristics,  one  must  also  add  the  laser  linewidth 
to  fully  model  the  image  transfer  function.  Once  this 
modeling  is  complete,  then  the  data  associated  with  any  point 
in  the  image  can  be  deconvolved  so  that  the  frequency  shift 
and  line  profile  associated  with  the  scattering  at  that  point  can 
be  determined.  A  fit  to  that  data  then  yields  the  temperature, 
velocity,  and  density  at  that  particular  point  in  the  flow  field. 
For  example,  the  data  for  the  Mach  S  jet  is  shown  in  Fig.  7 
together  with  the  fit.  Here  direct  (unshifted)  background 
scattering  of  the  laser  is  also  present  and  included  in  the  fit. 
The  data  is  noisy,  largely  because  of  jet  fluctuations  rather 
than  shot  noise.  Even  with  this  large  amount  of  noise,  the  fit 
gave  the  velocity  and  density  with  an  accuracy  of  4%,  and 
temperature  with  an  accuracy  of  8%. 

Once  the  transfer  function  of  the  laser  filter  and 
collection  optics  is  determined,  the  limitations  of  the 
measurement  accuracy  are,  primarily,  signal-to-noise 
associated  with  each  resolvable  element  in  the  image  and  the 
experimental  factors,  such  as  the  precise  measurement  of  the 
laser  incidence  angle,  the  measurement  of  the  scattering 
element,  and  the  locking  stability  of  the  high  power  laser. 
This  locking  stability  error  arises  due  to  the  fact  that  a  pulsed 
frequency-doubled  YAG  laser  is  used  for  the  actual 
measurement,  and  that  laser  is  locked  to  an  injection  laser 
which  is  slowly  tuned  and  precisely  monitored.  The  output  of 
the  high  power  laser  is  assumed  to  be  at  the  same  frequency  as 
the  injection  laser.  With  cuirently  available  commercial  high 
power  lasers,  the  ability  to  track  the  injection  laser  is  related 
to  the  speed  of  the  scan.  If  the  scan  is  too  rapid,  the  higher 
power  laser  cannot  track,  and  the  injection  locking  becomes 
intermittenL  With  designs  currently  under  development,  the 
high  power  laser  will  O'ack  the  injection  laser  on  a  pulse-by- 
pulse  basis,  so  intermittent  locking  will  not  be  present.  There 
may.  however,  be  some  residual  frequency  pulling  that  has  yet 
to  be  examined. 

In  the  absence  of  experimental  factors,  the  fundamental 
limitation  is  the  shot  noise  associated  with  the  number  of 
photoelectrons  collected  from  each  resolved  element.  For 
example,  assuming:  a  laser  with  an  energy.  E^,  of  100  mJ  at 
0J32  micron  (frequency-doubled  Nd:YAG  laser);  expanded 
with  a  height,  H,  of  2  cm,  and  a  thickness,  5,  of  50)i ;  air  at 


standard  temperature  and  pressure 


2.69x10 


with  a  differential  Rayleigh  cross  section. 


6  X  10'”cm’  /sr ;  a  resolved  volume  element.  V.  of  SOjix 
SOpx  50)1 ;  a  collection  system  consisting  an  F5  lens, 
imaging  a  2  x  2  cm  cross-sectional  area  of  the  flow  onto  a  I 
cm^  CCD  device  with  25  x  25)i  elements  (a  magnification 
factor,  m.  of  0.5);  and  an  additional  10%  loss  due  to  optical 


transmission  (q  =  90%),  the  predicted  number  of  photons 
present  at  the  detector  per  resolution  element  (Eq.  2)  is  160 
for  each  pulse  of  the  laser. 


With  a  40%  quantum  efficiency  detector  (e.g.,  a  high 
efficiency  CCD),  this  corresponds  to  64  photoelectrons 
collected.  The  shot  noise  -s  equal  to  the  square  root  of  the 
number  of  photoelectrons,  so  with  a  single  shot,  the  density 
can  only  be  measured  to  one  part  in  eight,  or  12.5%.  To 
achieve  a  density  measurement  of  better  than  1%.  at  least 
10,000  photons  per  resolution  element  must  be  accumulated. 
This  corresponds  to  approximately  160  laser  pulses,  or  16  sec 
at  to  pulses/sec.  For  more  accurate  single  pulse 
measurements,  faster  collection  optics  are  required.  For 
example,  an  F=1  lens  will  collect  25  times  as  many  photons, 
leading  to  an  accuracy  of  approximately  2.5%  for  the 
measurement  of  density  in  a  single  shot 

The  measurement  of  velocity  and  temperature  requires 
either  that  the  laser  be  scanned,  that  the  scattering  volume  be 
observed  through  filters  from  several  different  angles,  that 
laser  illumination  be  incident  from  several  angles,  or  that 
filters  with  slightly  different  cut-off  frequencies  be  used.  The 
most  straight-forward  approach  is  to  scan  the  laser  frequency. 
Of  course  this  leads  to  an  average  velocity  and  temperature  at 
each  point.  The  velocity  and  temperature  are  then  found  by 
fitting  the  curve,  as  discussed  previously.  The  velocity  is 
determined  from  the  laser  frequency  at  which  the  filter 
attenuates  the  signal,  and  the  temperature  is  deteimined  by  the 
rate  at  which  the  signal  is  attenuated  as  the  laser  is  swept  in 
frequency.  The  accuracy  of  both  these  measurements  depends 
on  the  quality  of  the  fiL  By  tuning  the  laser  far  enough  so  that 
the  scattered  light  has  a  frequency  such  that  it  is  fully 
transmitted  through  the  molecular  filter  at  the  beginning  of  the 
scan,  and  again  is  fully  transmitted  at  the  end  of  the  scan,  then 
the  velocity  can  be  determined  quite  accurately  from  the 
symmetry  of  the  attenuation  profile.  In  this  case,  tte  accuracy 
of  the  velocity  measurement  is  similar  to  that  of  the  density. 
The  temperature  measurement,  on  the  other  hand,  requires 
that  the  slope  of  the  curve  be  fitted.  This  means  that  the  data 
associated  with  low  transmissivity  is  important  This  data 
corresponds  to  a  reduced  number  of  photons  collected,  and, 
consequently,  a  higher  shot  noise.  For  this  reason,  the 
temperature  measurement  is  intrinsically  less  precise  than 
velocity  or  density. 

An  estimation  of  the  filter  perfornuuice  can  be  made  by 
recognizing  that  an  ideal  notch  blocking  filter  can  be 
visualized  as  a  low  pass  step  niter  with  a  cut-off  frequency, 
f.c-  piu^  ■  hiBb  P*K  with  *  cut-off  frequency  of  f.)^. 

The  signal  passing  through  the  low  pass  niter  can  be 
expressed  as  the  integral  of  the  scattering  frequency  pronie 
R(f)  up  to  the  cut-off  frequency.; 
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where  the  argument  / - /  includes  the  Doppler  shift 

X  i 

associated  with  the  flow  velocity  and  the  frequency,  f  ^ .  of 

the  illuminating  laser.  The  signal  passing  through  the  high 
pass  filter  is  the  integral  beginning  with  the  upper  cut-off 
frequency  and  continuing  to  infinity: 


The  overall  signal  recorded  is  just  the  sum  of  these.  As  the 
laser  frequency,  ,  is  scanned,  the  signal  is  swept  through 
the  filter  profile,  and  the  light  collected  represents  a 
convolution  of  the  filter  characteristic  with  the  signal.  For 
example,  if  the  scattered  signal,  R(f),  has  a  Gaussian  profile. 
10%  of  the  light  will  be  attenuated  when  the  lower  frequency 

cut-off,  f.^,  -'ll  X  tif  above  the  peak  scattering  frequency. 
As  the  laser  is  swept,  50%  attenuation  will  occur  when  the 
filter  cut-off  is  exactly  at  the  peak  frequency,  and  90%  will 

occur  when  the  scattering  peak  frequency  is'Jl  x  ^  above 
the  lower  cut-off.  There  will  be  very  little  light  transmitted 
until  the  upper  cut-off  is  reached,  and  then  the  signal  returns 
to  full  strength  following  the  same  curve.  In  order  to  achieve 
the  maximum  contrast,  the  filter  width  should  be  much  greater 
than  the  linewidth  of  the  scattered  light  If,  for  example,  the 
filter  width  is  just  equal  to  the  Gaussian  scattering  linewidth. 
Af .  then  even  at  the  minimum,  the  filter  transmission  will 
still  be  16%.  since  some  light  will  be  transmitted 
corresponding  to  those  portions  of  the  scattering  falling  above 
the  upper  cut-off  and  below  the  lower  cut-off.  For  molecular 
blocking  filters  much  narrower  than  that,  the  temperature 
becomes  difficult  to  measure  because  the  contrast  between 
full  transmission  and  maximum  attenuation  is  reduced.  The 
iodine  filter  has  a  linewidth  of  approximately  1.8  GHz.  which 
matches  well  the  1.1  GHz  Gaussian  linewidth  of  light 
scattered  from  room  temperature  air. 


3.  MERCURY  VAPOR  FILTER 

An  attractive  approach  to  reducing  the  noise  is  to  move 
into  the  ultraviolet  portion  of  the  spectrum.  The  Rayleigh 
scattering  cross  section  scales  as  the  fourth  power  of  the 
frequency  times  the  square  of  the  polarizability.  In  the 
ultraviolet  portion  of  the  spectrum  the  frequency  is 
approximately  a  factor  of  two  higher,  and  the  polarizability  is 
increased  by  10%  or  so.  Many  different  materials  can  be  used 
for  optical  filters  in  the  ultraviolet,  but  a  very  attractive 
candidate  is  mercury  vapor.  Mercury  absorbs  strongly  at 
0.2537  microns,  and  also  has  the  desirable  characteristics  of 
high  mass  and  high  vapor  pressure.  The  fact  that  it  is  an 
atomic  vapor  leads  to  a  very  simple  absorption  spectrum 
consisting  of  nine  spectral  lines  which  come  from  the  six 
different  isotopes  of  mercury  (196.  198,  200,  201,  202,  and 
204).  and  associated  hyperfine  splitting.  This  region  of  the 
spectrum  is  accessible  using  frequency-tripled 
Titanium:Sappbire  lasers,  or  frequency-tripled  Alexandrite 
lasers.  An  example  of  an  experimental  scan  of  a  5  cm  long 
mercury  cell  with  a  side-arm  temperature  of  23’C  is  shown  in 


Fig.  8.  A  close-up  of  the  Hg202  transition  is  shown  in  Fig.  9, 
along  with  the  thermally  and  collisionally  broadened  model. 
The  maximum  transmission  of  70%  is  a  consequence  of 
window  reflectivity  and  does  not  correspond  to  background 
absorption  in  the  mercury  vapor.  The  predicted  contrast  of 
this  filter  is  31  orders  of  magnitude. 

An  experiment  set-up  with  the  same  collection  optics  as 
described  in  the  previous  section,  and,  again,  using  a  single 
100  mJ  laser  pulse  expanded  to  2  cm  sheet,  gives  1 .55  x  10^ 
photons  collected  onto  a  25  micron  x  25  micron  detector 
array.  Using  a  thinned  CCD  device,  40%  collection 
efOciency  can  be  achieved,  leading  to  more  than  600 
photoelectrons  collected  per  pulse.  This  corresponds  to 
approximately  10  limes  the  number  of  pbotoelectrons 
collected  at  0.532  microns  in  association  with  the  iodine  filter. 
This  increased  count  reduces  the  shot  noise  significantly.  F(>r 
example,  with  this  collection  geometry  the  shot  noise 
decreases  from  approximately  12%  to  4%  per  laser  shot. 
Decreasing  the  F  number  to  an  FI  system  increases  the 
number  of  photons  collected  per  resolution  element  to  15,000, 
which  leads  to  a  shot  noise  of  less  than  1%  per  pulse.  The 
2.76  GHz  bandwidth  of  the  filter  matches  well  the 
approximately  2  GHz  width  which  is  characteristic  of  the 
Rayleigh  scattered  light  at  this  wavelength. 

The  mercury  filter/Titanium'.Sapphire  laser  system  will 
lead  to  much  higher  accuracy  in  the  measurements  of  density, 
temperature,  and  velocity,  than  would  be  possible  for  the 
iodine  filter/frequency-doubled  Nd:YAG  laser  configuration. 
Several  other  features  of  the  ultraviolet  approach  are  worth 
mentioning.  One  is  that  the  on-line  center  extinction  can  be 
much  greater  than  for  iodine  vapor,  due  to  the  absence  of 
background  absorption  bands  in  mercury,  so  that  light 
scattered  from  boundary  layers  close  to  surfaces  can  be 
directly  observed.  In  addition,  in  the  ultraviolet,  background 
scattering  from  windows  and  walls  is  reduced  due  to  the  low 
reflectivity  of  metallic  surfaces  at  this  wavelength.  This  leads 
to  an  additional  enhancement  in  the  practical  signal-to-noise 
limit  of  the  experiment 


4.  CONCLUSIONS 

Filtered  Rayleigh  Scattering  promises  to  be  a  highly 
accurate  measurement  tool  for  air  flows.  In  order  to  achieve 
high  accuracy,  the  cell  must  be  properly  characterized  to  take 
into  account  the  filler  transmission  and  collection  geometry. 
Once  these  have  been  properly  accounted  for.  the 
measurement  of  velocity,  temperature,  and  density  is  limited 
primarily  by  the  shot  noise  associated  with  photon  detection. 
This  shot  noise  can  be  reduced  by  using  fast  collection  optics 
and  high  efficiency  detectors.  Due  to  the  fact  that  Rayleigh 
scattering  does  not  saturate,  signal  levels  may  also  be 
increased  by  using  higher  power  laser  sources.  A  particularly 
attractive  approach  to  reducing  the  noise  level  is  to  move  into 
the  ultraviolet  portion  of  the  spectrum  and  take  advantage  of 
large  enhancement  in  the  scattering  cross  section.  In  this  case, 
a  mercury  atomic  vapor  filter  is  used  and  there  is  a  significant 
reduction  in  shot  noise. 
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Figure  1.  Plots  show  comparison  between  I2  cell  data  (solid  line)  and  theoretical  model  of  iodine  absorption  (dotted  line).  Data  is 
renormalized  to  100%  transmission  away  Bom  absorption  lines,  since  background  absorption  and  absorption  due  to  windows  is  not 
included  in  the  model. 


Figure  2.  Experimental  geometry  for  Mach  5  jet  calculations  and  measurements.  The  laser  is  incident  at  45*  to  the  downward 
directed  jet.  Row  conditions;  Mach  5  with  To=300  K,  Pq^CX)  psi  (velocity:  721  m/s;  static  temperature:  50  K:  static  pressure: 
40  tori). 
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Figures.  Response  of  the  I2  niler  to  the  Mach  5  flow  with  a 
collection  lens  placed  S  times  its  diameter  from  the  sample 
volume.  The  solid  curve  is  the  ideal  response  assuming  no 
frequency  broadening  of  the  scattered  light,  the  dotted  curve  is 
the  same  with  geometrical  collection  factors  added  in.  and  the 
dashed  curve  is  the  predicted  response  including  broadening, 
geometry,  and  the  filter  profile. 


Frequency  Xeletive  to  Locked  Reference  Leaer  <CHz> 

Figure  S.  Response  of  the  I2  filter  to  the  sample  volume 
element  at  the  edge  of  the  field-of-view  for  the  same 
collection  geometry  as  in  Ing.  4.  Note  that  the  apparent 
response  of  the  filler  has  been  shifted  by  approximately  3S0 
MHz. 


Figure  4.  Response  of  the  I2  filter  to  a  Mach  S  flow  with 
the  colleciioa  lens  placed  a  «ii ««»««»  equal  to  its  d**"»**«T 
from  the  observed  sample  volume.  Curves  are  as  identified 
on  Fig.  3. 


Figure  6.  Response  of  the  I2  filter  to  a  sample  volume 
element  at  the  edge  of  ttie  field-of-view  for  the  same 
collection  geometry  as  in  Fig.  3.  Note  that  the  frequency 
offset  seen  in  Fig.  5  is  reduced,  but  is  still  present  and  must 
be  taken  into  account. 
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ABSTRACT 

The  break-up  of  an  annular  liquid  film  in  die  presence  of 
co-flowing  air  streams  is  analysed,  making  use  of  laser 
shadowgraphy  and  a  high  speed  video  camera.  The 
experiments  were  conducted  in  turbulent  flows  for  a 
liquid  mass  flow  rate  of  10.8  g/s,  three  primary  (i.e.. 
iiuier)  air  velocities  (20  -  90  m/s),  two  secondary  (i.e., 
outer)  air  velocities  (20  -  40  m/s),  and  two  liquid  film 
thicknesses  (0.2  -  0.7  mm).  The  results  include  the 
analysis  of  the  fllm  structure  at  break-up  and  of  the 
distance  and  time  of  break-up  and  are  compared  with  an 
analytical  model,  suggesting  that  the  deterioration  of  the 
liquid  film  close  to  the  atomising  edge  exhitats  a  periodic 
b^viour  and  is  mainly  dependent  on  the  primary  air 
velocity.  Film  thickness  strongly  affects  die  time  and 
length  scales  of  the  break-up  process  fm  the  velocity 
range  under  study. 


1 .  INTRODUCTION 

Airblast  atomisers  have  many  advantages  over  inessure 
atomisers,  especially  in  their  triplication  to  gas  turbine 
engines  (Simmons,  1980;  Ri^  et  al.,  1987)  of  high 
pressure  ratio.  They  require  lower  fuel  {vessures  and 
produce  a  finer  spray.  Moreover,  because  the  airblast 
atomisation  process  ensures  thorough  mixing  of  the  air 
and  fuel,  the  resulting  combustion  process  is 
characterised  by  very  low  soot  formation  and  a  blue 
flame  of  low  luminosity,  resulting  in  relatively  cool 
liner  walls  and  a  minimum  of  exhaust  smoke.  A  furthm' 
advantage  of  the  airblast  atomiser  is  that  it  provides  a 
sensibly  constant  fuel  distribution  over  the  entire  range 
of  fuel  flows.  Also  important,  is  that  the  temperature 
distribution  of  the  gases,  which  is  determining  to 
turbine  blade  life  at  high  pressures,  may  be  adequately 
predicted  from  temperature  surveys  carried  out  at  lower 
and  more  convenient  levels  of  pressure. 
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Despite  the  extensive  research  on  pre-filming  airblast 
atomisation  over  the  last  three  decades  (Rizkalla  and 
Lefebvre,  1975;  Rizk  and  Ufebvre.  1980;  Sattelmajw 
and  Wittig,  1986;  Aigner  and  Wittig,  1988;  Jasuja, 
1990),  the  basic  mechanisms  leading  to  the  atomisation 
need  further  clarification  as  a  number  of  determining 
parameters,  which  influence  the  droplet  size  distribution 
and  have  not  in  general  been  investigated  separately. 
While  increasing  air/liqidd  velocity  has  been  shown  to 
produce  smaller  tfaofdets,  the  mechanism  for  break-iq>  is 
not  yet  clearly  established,  as  recently  discussed  by 
Engelbert  et  aL  (1994).  However,  a  common  analysts  has 
been  based  on  the  following  processes:  i)  the  shear 
induced  in  the  liquid/air  interface  causes  waves  (dilatkaial 
and  sinusoidal)  formed  on  the  surface  of  the  liquid  sheet, 
and  ii)  the  waves  grow  and  separate  from  the  liquid  sheet 
in  the  form  of  ligaments  an^or  liquid  clusters,  which 
subsequently  fragment  into  droplets. 

Because  the  geometry  of  an  airblast  atomiser  is 
somewhat  complex,  a  planar  liquid  sheet  has  been  used  in 
most  of  the  experiments  (Sattelmayer  and  Wittig,  1986; 
Beck  et  al.,  1991;  Stapper  et  al.,  1992;  Call  et  al., 
1993).  Most  sheet  disintegration  research  (Arai  and 
Hashimoto,  1985;  Sattelmeyer  and  Wittig,  1986)  ha^' 
since  been  performed  on  simplified  nozzles  similar  to 
those  of  Rizk  and  Lefebvre  (1980).  Previous  research  has 
been  mainly  aimed  at  studying  how  the  final  dro|^  size 
distribution  is  affected  by  air  and  liquid  properties  and 
geometry  of  the  nozzle  (Rizk  and  Lefebvre,  1980;  El- 
Shanawany  and  Lefebvre,  1980;  Shaw  and  Jasuja,  1987), 
as  also  reviewed  by  Lefebvre  (1989).  The  analysis  has 
been  considerably  extended  by  Engelbert  et  al.  (1994) 
through  the  combination  of  high-qieed  irirotography  and 
phase-Doppler  velocimetry  buL  again,  the  results  are 
limited  to  the  breakup  of  a  simple  liquid  jet  surrounded 
by  a  coaxial  flow  of  air. 

This  paper  considers  the  breakup  of  an  annular  liquid 
sheet  surrounded  by  inner  and  outer  coaxial  air  streams, 
in  a  nozzle  configuration  which  resembles  those  used  in 
practical  combustors.  The  main  concern  of  the  study  is 
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the  detailed  analysis  of  the  near  exit  zone  of  a 
prefilming  airblast  atomiser.  Laser  Doppler 
measurements  were  carried  out  to  characterise  the  mean 
and  turbulent  air  velocity  field  in  the  absence  of  the 
liquid  film.  Then,  laser  shadowgraphy  and  high  qjeed 
video  were  used  to  analyze  the  characteristics  of  the 
liquid  film,  and  the  results  used  to  determine  the  time 
and  length  scales  of  the  break-up  process.  The  next 
section  describes  the  flow  configuration  and  the 
experimental  techniques  used  throughout  the  work. 
Section  3  presents  and  discusses  the  results  and  the 
main  fmdings  are  summarized  in  the  last  section. 


2.  EXPERIMENTAL  METHOD 


2.1.  The  Model  Prefilming  Airblast  Atomiser 

Figure  1  shows  a  schematic  diagram  of  the  aiiblast 
atomiser  used  throughout  the  work,  which  consists  of 
three  coaxial  cones,  as  follows:  i)  an  inner  cone  with  a 
S'*  angle  and  an  exit  radius  of  Ri  =  2.S  mm;  ii)  an 
intermediate  cone  for  water  flow,  which  may  provide  an 
annular  water  film  with  a  thickness  in  the  range  of  0.2 
to  0.7  mm;  and  iii)  a  70  mm  long  external  cone  with  an 
angle  of  35**  and  an  exit  radius  of  Ro  =  20  mm.  Air  can 
be  fed  through  the  inner .  .nd  outer  cones  separately  and 
the  results  presented  here  are  concerned  with  single  and 
coaxial  jets  without  swirl  for  inner  air  velocities,  Uj,  up 
to  89.2  m/s  and  velocities  of  the  outer  air  stream,  Uq, 
of  20  and  40  m/s.  Table  1  summarizes  the  flow 
conditions  used.  Tests  were  also  carried  out  with 
coaxial  swirling  jets  and  the  results  have  shown  that  for 
the  reduced  inner  atomising  air  velocities  rqxrrted  here, 
the  influence  of  swirling  the  outer  air  flow  is  small, 
when  compared  with  the  influence  of  the  inner  air 
velocity.  Details  of  this  phenomena  are  reported 
elsewhere.  The  experiments  with  the  liquid  sheet  were 
obtained  for  a  constant  mass  flow  rate  of  10.8  g/s,  and 
for  a  liquid  film  thickness  of  0.2  or  0.7  mm. 

2.2.  The  Experimental  Techniques 

The  velocity  field  for  the  air  flow  downstream  of  the 
model  atomiser  was  measured  by  a  dual-beam  forward- 
scatter  laser-Doppler  velocimeter,  which  comprised  an 
argon-ion  laser  operated  at  S14.S  nm  and  with  sensitivity 
to  the  flow  direction  provided  by  light  frequency  shifting 
from  acoustic-optic  modulation  (double  Bragg  cells).  The 
half-angle  between  the  beams  was  4.62°  and  the 
calculated  dimensions  of  the  measuring  volume  at  the  e*^ 
intensity  locations  were  1.676  and  0.135  mm.  The 
transfer  function  in  the  absence  of  frequency  shift  is 
3.194  MHz  m*^s.  Forward  scattered  light  was  collected 
by  a  150  mm  focal  length  lens  and  focused  into  the 
pinhole  aperture  (300  mm)  of  a  photo  multiplier  with  a 


magnification  of  1.  The  output  of  the  photo  multiplier 
was  band-pass  filtered  and  the  resulting  signal  processed 
by  a  frequency  counter  operated  in  the  single- 
measurement-per-burst  mode  with  a  fixed  number  of 
cycles  validat^  in  the  time  domain.  The  validated  data 
were  transferred  to  a  computer,  where  the  time-average 
moments  of  velocity  were  evaluated. 


Air 


Figure  I.  Schematic  diagram  of  flow  configuration 


Table  1.  Flow  conditions 


RUN 

A 

(single  jet) 

B 

(coaxial  jets) 

Ui  (m/s) 

20;  40;  89.2 

20;  40;  89.2 

Uo  (m/s) 

0 

20;  40 

Rei  X  10’’ 

6.6  to  28.7 

6.6  to  28.7 

Reo  X  10-^ 

— 

46.4  to  92.9 

1  Liquid  sheet 

H  thickness,  t  (mm) 

0.2;  0.7 

0.2;  0.7 

1  Re,=  Ei^ 

1 

731;  667 

731;  667 

For  the  results  presented  and  discussed  in  the  following 
section,  the  origin  of  the  axial  axis,  x,  and  of  the 
transverse  y  and  z  co-ordinates  is  taken  at  the  centre  of 
the  inner  jet  exit  The  nozzle  was  fixed  and  located 


27.1.2. 


vertically  directed  downwards.  The  complete  LDV  system 
was  mounted  on  a  three  dimensional  traversing  unit, 
allowing  the  positioning  of  the  laser-velocimeter  control- 
volume  within  ±0.1  mm.  The  inner  and  outer  air  flows 
and  the  ambient  air  were  seeded  with  atomised  liquid 
paraffin,  with  rates  of  particles  in  proportion  to  the  air 
flow  rate  in  each  one. 

The  analysis  of  the  two-phase  flow  downstream  of  the 
nozzle  was  performed,  making  use  of  two  visualisation 
techniques,  as  follows.  First,  laser  shadowgraphy  was 
achieved  by  using  a  conventional  optical  configuration 
in  order  to  produce  a  cylinder  of  parallel  light  that 
crossed  the  flow  and  project  an  image  on  a  screen.  A  S2 
mm  camera  was  used  to  register  the  flow  images  in  100 
ASA  films  with  an  exposure  time  of  0.123  ms. 
Second,  a  high  speed  CCD  camera  with  a  minimum 
exposure  time  of  10  nanoseconds  and  8  bits  resolution 
was  used  together  with  image  processing  of  the  results, 
in  order  to  enable  the  recognition  of  certain  geometrical 
characteristics  of  the  sprays  analysed  as  well  as  a  closer 
insight  on  the  liquid  fllm  disintegration  process. 

The  main  limitation  of  the  shadowgraphy  consisted  on 
the  averaging  nature  of  the  method,  as  well  as  on  the 
minimum  time  exposure  (0.1 23  ms)  required  in  the 
present  flow.  For  the  image  digitisation  technique,  a 
narrow  focusing  plane  was  used,  which  increases  the 
noise  level  at  high  electronic  gains  and  brings 
difficulties  in  penetrating  the  "haze"  associated  with 
high  air  velocities.  In  both  methods  the  possibility  of  a 
statistical  analysis  of  the  collected  data  is  obviously  a 
time  consuming  approach,  and  is  a  severe  limitation  of 
the  techniques  when  quantitative  information  is  a 
{nimary  goal.  This  is  the  case  of  the  analysis  of  the 
breakup  lengths,  which  have  been  determined  from  a 
larger  number  of  images.  The  results  exhibited  a 
standard  deviation  up  to  23%.  so  that  the  vales  reported 
below  may  be  associated  with  a  statistical  uncertainty  of 
less  than  20%. 


3.  RESULTS  AND  DISCUSSION 

The  analysis  of  the  flows  considered  in  this  paper  makes 
use  of  flow  visualisation  results,  mean  velocity  vectors 
and  contours  of  turbulent  velocity  characteristics.  The 
main  objective  is  to  improve  knowledge  of  the 
atomisation  of  liquid  fuels  in  practical  combustors  by 
having  a  closer  insight  into  the  break-up  mechanism  of 
annular  liquid  films. 

Figure  2  shows  results  of  mean  and  turbulent 
characteristics  for  the  air  flows  associated  with  Runs  A 
(single  jet;  Ui=20  m/s)  and  B  (coaxial  jets: 
Ui=Uos20  m/s)  in  the  absence  of  the  liquid  film 
downstream  of  the  atomiser  (for  details  see  Barata  et  al., 
1992).  The  aim  is  to  quantify  the  turbulent  smicture  of 


the  air  flow  into  which  the  atomisation  process  occurs. 
This  is  because,  although  the  disintegration  of  a  liquid 
sheet  into  ligaments  and  drops  depends  on  the  thickness 
and  velocity  characteristics  of  the  liquid  sheet,  it  is 
particularly  influenced  by  the  velocity,  density  and  mass 
flow  rate  of  the  atomising  air,  as  well  as  by  the  way 
atomising  air  impinges  on  the  liquid  sheet.  Of  great 
importance  is  the  kinetic  energy  and  turbulence 
properties  of  the  air  streams  surrounding  the  liquid  flow 
in  the  vicinity  of  the  nozzle  in  order  to  achieve 
optimum  interaction  between  the  liquid  sheet  and  the 
atomising  air. 

The  air  flow  patterns  downstream  of  the  nozzle  are 
readily  identified  in  Figure  2,  by  the  projections  of  the 
velocity  vectors  on  the  vertical  plane  pa^ng  on  the  axis 
of  the  nozzle.  Run  A  is  formed  by  the  discharge  of  fluid 
through  a  circular  contraction  nozzle  of  exit  diameter  Di 
into  a  quiescent  ambient  environment  In  the  immediate 
vicinity  of  the  nozzle  exit  the  discharge  of  high  velocity 
fluid  causes  a  thin  and  cylindrical  shear  layer  to  be 
formed  about  the  perimeter  of  the  core.  The  shear  layer  is 
observed  to  undergo  transition  and  widen  with  the 
downstream  distance  and,  eventually,  engulfs  the 
potential  core  at  approximately  x/Di=  3,  with  the 
turbulent  kinetic  energy  reaching  its  maximum  value 
along  the  centreline  and  at  x/Di=12.  The  jet  nirbulent 
velocity  shows  evidence  of  self-preservation  after 
approximately  24  diameters  downstream  of  the  nozzle 
exit 

For  Run  B,  the  initial  flow  close  to  the  nozzle  exit 
consists  of  two  potential  cores  separated  by  an  annular 
mixing  region  surrounded  by  an  external  sh^  zone.  The 
width  of  each  core  decreases  with  downstream  distance, 
with  the  individuality  being  lost  at  approximately 
x/Di  s  20.  The  distribution  of  turbulent  energy  exhibits 
two  maxima,  namely  close  to  the  nozzle  between  the 
two  air  jets  and  along  the  outer  shear  layer,  in  a 
considerably  different  way  from  that  found  for  Run  A. 

We  now  turn  to  the  analysis  of  the  process  of  liquid 
atomisation  downstream  of  the  nozzle  used  throughout 
this  work,  when  a  liquid  sheet  is  introduced  into  the  air 
flows  analysed  above.  Figures  3  and  4  show  sample 
results  obtained  for  Run  A  with  laser  shadowgraphy  and 
high-speed  video,  respectively,  while  Figure  3  shows 
results  for  Run  B.  The  figures  quantify  the  effect  of  the 
air  velocity  and  film  thickness  on  the  atomisation 
process  and  ate  important  to  improve  understanding  of 
liquid  breakup  in  airblast  atomisers. 

At  very  low  velocities  of  the  inner  air  flow  a  bubble  is 
formed  due  to  pressure  differences  between  the  inner  and 
the  outer  flows.  The  pressure  from  the  surrounding 
flow  plus  the  surface  tension  forces  are  balanced  by  the 
pressure  inside  the  bubble,  which  is  due  to  the  kinetic 
energy  of  the  inner  flow. 
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Figure  2.  Mean  velocity  vectors,  contours  of  turbulent  kinetic  energy,  kAJfx  100  and  of  Reynolds  shear  stresses, 
u'v'  /  U?  X  100  for  the  air  flows  of  Run  A  and  Run  B 
a)  Run  A,  Rej »  6600;  b)  Run  B,  Rej  s  6600;  Reo  »  46400 
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Figure  3.  Laser  Shadowgraphy  of  the  liquid  sheet  in 
the  near  exit  zone  of  the  atomiser  for  Run 
A  (t  =  0.7  mm) 

a)  Ui=20m/s:  b)  Ui=40m/s;  c)  Ui=89.2m/s 

The  total  pressure  inside  the  bubble  increases  with  the 
inner  air  velocity  and,  eventually,  becomes  higher  than 
the  total  pressure  of  the  outer  flow  plus  surface  tension 
forces  and  the  bubble  will  burst  at  its  bottom.  If  Ui 
keeps  increasing,  the  bubble  is  not  formed  and  the  liquid 
film  becomes  unstable,  giving  rise  to  the  formation  of 
ligaments  which  will  break  into  droplets.  The  formation 
of  these  ligaments  is  induced  by  natural  instabilities  of 


the  liquid  film  and  by  friction  forces  between  the  inner  air 
flow  and  the  co-flowing  liquid  film.  The  higher  the  iiuier 
air  velocity  will  be,  the  shorter  the  break-up  length,  and 
smaller  ligaments  arc  formed,  which  consequently  will 
lead  to  the  formation  of  smaller  drops  and,  therefore,  to  a 
better  atomisation.  Then,  the  break-up  process  described 
above  can  be  analysed  by  considering  that  the  sheet  is 
destabilised  by  aerodynamic  forces  and  the  instability  is 
damped  by  surface  tension. 


7  mm 

^  ^ 
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Figure  4.  High  speed  video  visualisation  of  the 
liquid  sheet  for  Run  A  (Ui  =  20  m/s) 

a)  t  =  0.2  mm,  b)  i  =  0.7  mm 


The  patterns  discussed  in  the  previous  paragraphs  are 
readily  analysed  in  the  schematic  diagram  of  Figure  6. 
At  the  lowest  gas/liquid  velocity,  (a),  the  break-up 
follows  from  dilational  distortion  of  the  liquid  sheet,  in 
agreement  with  the  theories  of  Rayleigh.  An  increase  of 
the  relative  velocity,  (b),  leads  to  movement  of  the 
"break-point”  closer  to  the  nozzle,  shorter  fundamental 
wavelength  and  hence  smaller  drops.  At  even  higher 
velocities,  (c),  the  first  order  instability  (Azzqiardi  et  al., 
1989)  is  observed.  Further  increase  of  the  liquid  sheet 
velocity,  results  in  stripping  of  ligaments  from  the  sheet 
surface  and  for  velocities  higher  than  100  m/s  the  liquid 
appears  to  promptly  atomise  at  the  nozzle.  The  results 
are  independent  of  the  outer  air  velocity  in  the  range 
0  <  Uo  (m/s)  <  20  and  this  is  a  remaricable  finding  of  the 
results  presented  here. 
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40  mm 


Figure  S.  Laser  Shadowgn^hy  of  the  liquid  .  in 
the  near  exit  zone  of  the  atomiser  for  Run  B 
(t  =  0.7  mm) 

a)  Ui=Uo=20m/s;  b)  Ui*20;Li-«40m^ 

The  effect  of  the  atomising  air  velocity  on  the  break-up 
length  and  time  for  single  and  coaxial  jets  for  the  two 
liquid  film  thicknesses  used  throughout  the  work  is 
shown  in  Figures  7  and  8,  respectively.  The  results 
quantify  the  length  from  the  nozzle  tip  to  the  point  at 
which  the  liquid  film  fragments  and  show  that  as  the 
primary  air  velocity  increases,  the  break-up  lengths,  for 


both  single  and  coaxial  jets,  decreases  due  to  reduced 
aerodynamic  shear  forces  acting  on  the  liquid  film.  The 
break-up  length  is  also  dependent  on  the  liquid  velocity, 
as  can  observed  by  comparing  the  results  for  the  two 
different  initial  film  thicknesses  (0.2  and  0.7  mm),  with 
higher  liquid  velocities  leading  to  longer  break-up 
lengths. 

The  figures  mentioned  above  include  results 
(for  t  =  0.7  mm)  obtained  with  shadowgraphy  and  with 
the  high  speed  camera,  and  show  that  the  former  are 
always  higher  than  the  latter,  due  to  the  time  exposure 
limitation  as  noted  above.  The  measured  results  are 
surrounded  by  two  curves,  which  represent  the  error  range 
considered. 

In  order  to  quantify  the  interaction  time  between  liquid 
and  air  streams,  a  break-up  time  was  calculated  by 
dividing  the  break-up  length  by  the  liquid  velocity  at  the 
nozzle  tip,  and  the  results  are  plotted  in  Figures  7b)  and 
8b).  The  break-up  length  and  time  increase  by  decreasing 
air  velocities  and  a  substantial  deterioration  in  the  spray 
quality  is  obtained  for  reduced  air  velocities.  It  was 
observed  that  the  threshold  value  of  air  velocity  below 
which  atomisation  is  of  poor  quality,  is  around 
Ui  =  40  m/s  and  further  reduction  in  velocity  results  in 
la^  of  atomisation.  For  an  easier  comparison,  the  results 
are  ploted  together  for  both  single  and  coaxial  jet  in 
Figure  9. 

Figures  7  and  8  show  also  a  comparison  of  the 
experimental  results  described  before  with  the  analytical 
model  of  Dombrowski  and  Johns  (1963),  which 
considers  a  liquid  sheet  thinning  in  time  and  moving  in 
the  streamline  direction  through  a  stationary  gas.  The 
model  predicts  (at  least,  qualitatively)  the  experimental 
results,  for  high  iruier  air  flow  velocities  but,  otherwise, 
overestimates  the  present  results,  due  to  the  prevailing 
"bubble”  form  that  usually  precedes  the  break-up  of  the 
liquid  sheet  into  ligaments. 
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Figure  6.  Schematic  diagrams  of  the  breakup  of  the  liquid  sheet  as  a  function  of  the  inner  air  jet  velocity  (Uj)  for  outer  jet 
velocities  in  the  range  0  <  Uo  <  20  m/s.  Uj  increases  from  diagram  (1)  to  (6),  respectively  from  0  to 
90  m/s.  Diagram  7  corresponds  to  prompt  atomization  for  Ui  >  100  m/s 
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Hguie  7.  Effect  of  the  atomisation  air  velocity  and 
liquid  film  thickness  on  break-iqi  length  and 
time  scales  for  single  jets  (Run  A) 

Key. 

O;  t=0.7mm;  —  best  fit 

•;  t30.2mm; - best  fit 

a ;  ts0.7mm; - best  fit  (shadowgraphy) 

- t=^.7mm  \  Dombiowski's  model 

- ts0.2mm/ 

... - -  error  range  ±  20% 

a)  Film  break-up  length 

b)  Him  break-up  time 


Figure  8.  Effect  of  the  atomisation  air  velocity  and 
liquid  film  thickness  on  break-iqi  length  and 
time  scales  for  coaxial  jets  (Run  B) 

Key 

O;  t=0.7mm;  Uo=20m/s 
•;  ts0.7mm;  Uos40ni/s 

A;  ta0.2mm;  Uo«20m/s 
A ;  M).2mm;  Uo=40m/s 

- t=0.7mm  \  Dombiowski's  model 

- t=0.2mm/ 

- enrcH’ range  ±30% 

a)  Film  break-up  length 

b)  Him  break-up  time 
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Figure  9.  Effect  of  the  atomisation  air  velocity  and 
liquid  film  thickness  on  break-up  length  and 
time  scales  for  Run  A  and  Run  B 


(0  Uo=0 
A  Uo=20m/s 
□  U(F40m/s 


Uo=0 


t=0^ 


A  Uff:=20m/s 


i■Uoa40m/s 


Figures  10  and  1 1  quantify  the  influence  of  the  air/liquid 
mass  ratio  on  the  tneakup  process,  which  is  a  variable 
usualy  reported  in  the  modelling  of  airblast  atomisation 
(e.g.  El-Shanawany  and  Lefebvre,  1980).  Since  this 
type  of  atomisation  relies  upon  the  airstream 
momentum  for  the  liquid  disintegration,  the  air/liquid 
mass  ratio  influences  the  spray  quality.  This  is  because 
the  deficiency  of  air  results  in  failure  to  overcome  the 
viscous/surface  tension  forces  that  ate  resisting  to  liquid 
disint^ration.  Finally,  it  is  important  to  establish  the 
performance  of  the  present  airblast  nozzle  in  terms  of 
those  tested  {nreviously  and  reported  in  the  literature  and 
Hgure  12  accomplishes  this  by  comparing  the  present 
results  with  those  obtained  by  Stapper  et  al.  (1992)  in  a 
planar  configuration  and  with  those  of  Lavergne  et  al. 
(1993)  in  a  nozzle  similar  to  that  used  throughout  this 
work.  The  tefnence  parameter  in  the  comparison  is  the 
velocity  of  the  liquid  film  at  the  nozzle  tip:  Stapper  et 
al.  (1992)  used  a  film  thickness  of  0.508  mm. 
corresponding  to  Uiiq=  1  m/s  for  coaxial  flows  with 
Ui’^Uo  (range:  20  -  60  m/s),  while  Lavergne  et  al. 
(1993)  used  either  a  liquid  film  thickness  of  0.400  or 


0.700  mm.  corresponding  u>  Uiiqs  0.95  m^  for  a 
constant  value  of  Ui^lO  m/s,  varying  Uq  fiom  30  to 
62  m/s. 

The  agreement  found  is  particularly  good  for  a  film 
thickness  of  0.7  mm,  and  suggests  the  likely 
depeitdence  of  the  process  on  the  film  characteristics, 
apart  from  the  observed  depemknce  upon  the  primari  air 
flow  rate. 


Figure  10.  Effect  of  the  atomisation  air  velocity  and 
liquid  film  thickness  cn  break-up  length  and 
time  scales  for  Run  A,  as  a  function  of  the 
air/liquid  mass  rauo,  ALR 

O;  t=0.7mm;  —  best  fit 

•;  t=0.2mm; - best  fit 

□ ;  t=0.7mm; - best  fit  (shadowgraphy) 

a)  Film  break-up  length 

b)  Him  break-up  time 
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1/ALRi 

Figure  11.  Influence  of  the  air/liquid  ratio  on  the  break¬ 
up  length  and  time  scales  for  Run  B,  as  a 
function  of  the  inner  air/liquid  mass  ratio, 
ALRi 


O;  t=0.7mm;  Uo=20m/s 
•;  ts0.7mm;  Uo=40m/s 
A;  ts0.2mm;  Uo=20m/s 
A ;  t=0.2mm;  Uo=40m/s 

a)  Film  break-up  length 

b)  Film  break-up  time 


Figure  12.  Efl^ect  of  the  atomisation  air  velocity  on 
break-up  length  for  coaxial  jets  (Run  B) 


aj)  Comparison  with  Stapper  et  al.  (1992) 
and  Lavergne  et  al  (1993)  for  a  wide 
range  of  flow  conditions  (t=0.7) 

□  U(F2()m/s  O  Stapper  et  al.  (1992) 

■  Uo=40m/s  A  Lavergne  et  al.  (1993) 

b)  Comparison  with  Stapper  et  al.  (1992) 
f«  Ui=Uo=20  m/s  and  Ui=Uo=W  m/s 

□  ts0.2mm  I 

A  t=0.7  mm  \  U>  =Uo 

#  Stq)per  et  al.  (1992)  j 
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CONCLUSIONS 

Laser-Doppler  measurements  of  mean  and  turbulent 
velocity  characteristics  are  reported  for  the  air  flow 
downstream  of  a  model  airblast  prefilming  atomiser, 
along  with  near-nozzle  visualisation  of  the  liquid  film 
break-up  making  use  of  both  shadowgraphy  and  a  high 
speed  video  camera.  The  flows  analysed  correspond  to 
single  and  coaxial  turbulent  jets  downstream  of  a  conical 
nozzle  and  include  the  analysis  of  the  break-up  of  an 
annular  liquid  film  in  a  field  of  co-Cowing  shearing  air. 

It  was  observed  that  both  instabilities  and  disintegration 
of  the  liquid  film  are  induced  by  the  dynamic  pressure  and 
shear  layer  between  the  inner  and  outer  air  streams.  The 
results  support  the  "wavy  bubble"  mechanism  of  the 
liquid  film  disintegration.  When  the  inner  air  velocity  is 
small,  the  bubble  at  the  atomiser's  exit  becomes  unstable 
and  bursts  into  poor  quality  atomisation.  At  higher  air 
velocities  the  amplitudes  of  the  liquid  film  instabilities 
sharply  grow  leading  to  pronounced  shorter  break-up 
lengths  and,  consequently,  better  atomisation  quality. 
The  outer  air  flow  appeal  to  be  less  effective  on  the 
break-up  mechanism,  with  the  corresponding  length  and 
time  sc^es  being  primarily  dependent  on  the  inner  air 
flow  rate. 
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ABSTRACT 

A  laser-induced  photochranic  d>e  activation  technique 
VMS  used  to  determine  the  flow  structure  in  a  thin,  Ming  liquid 
film  with  a  oourMercurrent  gas  flow  in  onkr  to  investigate  die 
physical  medumisms  responsible  fir  flooding  in  a  vertical  tube. 
Instantaneous  velocity  profile  data  obtained  indicale  occutTcnce 
of  t»  flow  revereal  in^  the  liquid  fifan,  even  at  the  onset  of 
flooding  conditions.  Direct  mensureraents  of  the  wall  dtear  stress 
also  indicale  that  presently  used  oonelatians  based  on  average 
fluid  velocities  can  sipiifiantly  underpredict  the  data. 


NOMENCLATURE 

D  «pipediameier{m) 
g  "aoceleratinn  due  to  gravity  |mtf| 

«  superficial  vdodty  (m/ii) 
j*  »dtmensionleas  velocity 
Q  ^volunreliic  flow  rate  [m^^] 

Re  ’‘Reynolds  Number 

u  >  axial  veiocily(ro^] 

u*  »  dimensionless  axial  velocity  («uhi‘) 

u*  *  wall  fiktion  velocity  (in^l 

y  >>disbmoefiom  wall  (radial)  (m] 

y*  “dimensianless  distance  fiomviaIl(«pu'yfp) 

Subscripts 

F  *ri]m 
G  «Gas 
L  ^Liquid 
w  «viM 

Greek  Letters 

5  *  liquid  film  fludcness  |m| 

p  >  dynamic  viscosity  (kg(m-s] 

p  «  density  [kgfin^ 

T  >  shear  sBess{hMn^ 


L  INTRODUCnON 

Understanding  of  countercunent  flow  limitalion  (CCFL) 
phenomena  is  important  in  the  satiety  analysis  of  miclear  reactors, 
particularly  during  a  hypothetical  laoof-ooolant  aoddent 
(LOCA).  however,  the  phyn^  mechanisms  tesponsfcle  fia  the 
onset  of  flooding  have  not  been  fiilly  undermood  dripite  over 
thirty  years  of  research.  Most  of  the  previous  cxperimenlil 
hiii^g  (ocuwd  on  the  oflk^ykl 

and  suifiioe  wave  characteristics.  On  the  analytical  side,  one- 
dimensional  mass  and  momentum  balances  hM  been  mostly 
used  to  predict  the  flooding  dma.  However,  cotwhinnni  dmvm 
fiem  different  studies  about  the  role  of  aaftoe  waves  or  the  wall 
and  mterfecial  drear  stream  cn  the  flooding  phmnmena  ate 
often  in  draagreemerit  or  even  oanhfadicloty. 

Hewitt  and  Walks  (1963)  ptediciBd  flat  the  gfB»4iquid 
imetfecial  drear  is  insiifliatatt  to  cause  liquid  flow  reversal  and 
that  floodmg  would  occur  dire  to  the  growdi  of  latge  aurftce 
waves.  Two-fluid  ntodd  predictiotts,  however,  require  artificially 
latge  interfedal  fiktian  Crctois  to  cotiecfly  predkt  the  flooding 
g8svdocities(AbectaL,  I991X 

Zabotas  and  Dukler  (1988)  and  Ettage  et  aL  (1989) 
observed  that  the  sutfeee  waves  on  the  liquid  film  propagate  in 
the  downwards  darectian  but  they  are  never  large  enough  in 
anqilitude  to  bridge  fire  tube.  Gova  et  al.  (199IX  on  the  other 
hard,  damred  that  flooding  is  cairaed  by  the  upward  prepogdion 
of  a  wive  atrd  the  accumulation  of  othire  waves  feU^  omo  the 
initial  ore. 

Better  understanding  of  the  flooding  mechanisms  require 
n.^  detailed  lorowledge  of  the  flow  abucture  in  the  wavy  liquid 
film  fiilling  ttvou^  a  vertical  tube  with  a  countnuaieut  flow  of 
gas  The  gas  flow  would  impoae  a  significant  inteifecial  shear 
sbess  athe  liquid  film  in  the  upward  direction  atrd  may  have  a 
large  influenoe  «  the  flow  sbticture  of  the  liquid  film  To 
delaittine  the  conlinuoudy  changing  velocity  profiles  in  such 
that,  wavy  films  requites  a  novel  measuremertt  technique,  ahroe 
oonventional  vdodly  roeasurenrent  ledmiques  such  as  LDV  and 
HWA  ttreihods  can  not  be  expected  to  yield  truly  uaefiti 

mthmiiitiiin 

To  this  end!,  the  laser-induced  photochronric  dye  aefivatron 
teclnique  (FDA)  has  been  used  to  obtain  fire  axial  vdodly 
profiles  across  the  liquid  film,  with  an  aim  lo  provide  new 
insi^  into  the  physical  mechanisnis  responsible  fir  the 
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initiation  of  flooding  in  countereutrent  annular  flow.  The  n>A 
technique  is  a  non-intnisive  flow  visualization  technique  based 
on  the  UV  laser  activation  of  a  photochroniic  dye  dissolved  in  a 
transparent  liquid,  and  has  recently  been  successfully  applied  by 
Kawiyi  et  al.  (1993)  to  the  study  of  flow  structures  in  various 
two-phase  flow  regimes. 

For  a  falling  liquid  Giro  without  any  gas  flow.  Ho  and 
Hummel  ( 1 970)  first  applied  this  technique  to  measure  the  time- 
averaged  velocity  profiles  and  proposed  the  following  non- 
dimensional  coirelatioa 

y-*-  =  M++0.111(eO-2*l-*-l)  (I) 

Their  measurements  were  made  in  a  falling  kerosene  Giro  with  a 
sinlkx  active  agent  added  to  suppress  interGicial  waves  and  the 
correlation  was  proposed  for  y*  <  30  aitd 
Re/  *  puS  /  ft  •*  1000. 


r  EXPERIMENTAL  FACILITY 

A  schematic  of  the  test  loop  used  to  conduct  vertical, 
countercurrent  annular  flow  experiments  is  dwwn  in  Fig.  I.  The 
test  section  consisted  of  a  2.39  m-kxig  Pyrex  tube,  with  an  inner 
diameter  of  S0.8  mm  and  a  3.8  mm  wall  thickness.  The  working 
fluids  were  Shell-Sol  71S  (deodorized  kerosene)  and  air.  The 
kerosene  was  drctilated  by  a  pump  through  a  set  of  flow  meters 
to  the  tipper  pieman  and  flowed  down  the  test  section  into  the 
lower  idaum.  Compressed  air  obtained  from  the  building  air 
supply  was  injected  into  the  test  section  through  a  stainless  sted 
tube,  whidi  penetrated  through  the  lower  plenum  and  entered 
into  the  beUnwuthofthe  test  section  as  shown  in  Fig.  I. 


A  photochromic  dye.  r3’J’-trimethy<doliiie-6- 
nitrobenzosi^ropyran  (or  TN^)  was  dissolved  in  dilute 
concentration  in  kerosene.  Pulses  of  UV  light  Gran  an  EXCIMER 
laser  (LutiMtiics  Modd  TE-86(M)  were  focused  using  a  Gve-iens 
array  with  a  focal  length  of  2S0  nun,  into  the  test  section  as 
dtown  in  Fig.2.  to  creole  Gve  thin  traces  in  the  liquid  fUriL  The 
nwtions  of  the  traces  were  recorded  by  a  high-speed  video 
camera  (Photron  Modd  HSV-1 IBX  which  has  a  camera 
with  2S6x2S6  pixd  resolution,  at  a  speed  of  744  Games  per 
second  with  an  electronic  shutter  speed  of  1/10,000  second.  The 
laser  was  Gred  at  SO  Hz  and  the  trace  images  were  analyzed 
using  a  microoomputer-bosed  image  analysis  systenL 

To  minimize  optied  distortian  of  the  images  caphued  by 
the  video  camera  due  to  the  use  of  a  cylindrical  tube,  an  optical 
correction  box  was  installed  around  the  tube  as  in  Fig.  2.  The 
linearity  of  the  actual  and  observed  distances  Gom  the  inner  wall 
surface  was  conGtined  by  comhicting  calibration  work  insita 


Fig.  2  Optical  Arrangement 


3.  RESULTS  AND  DISCUSSION 

In  this  study,  three  different  cases,  as  diown  in  Table  I, 
were  examined,  where  the  liquid  and  gas  superGdal  velodbes, 

j^andj^,  and  non-dimensional  vdodGes,  are 

showa  The  present  Gooding  experiments  are  duuacterized  by 
the  Wallin  flooding  curve  given  by,  “  C  with  the 

constants  m  and  C  equal  to  0.70  and  0.68,  respecGvdy,  as  diown 
inFig3.  The  runs  in  Table  I  are  also  indicated  in  Fig.  3. 


Table  1  Experimental  Conditions 


Run 

jt  [m/s] 

jc  [m/s] 

1 

0.063 

4.06 

0.30 

0.46 

2 

0.002S 

7.00 

0.059 

0.63 

3 

0.0025 

3.05 

0.059 

0.41 
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Fig.4  Motioa  of  Traces  in  Run  1  (Fnunei  388  and  389) 


3.1  Flow  Reversal 

An  impatant  question  oonoeniing  the  onset  of  flooding  is 
whether  or  not  flow  levcnal  oocuis  in  the  liquid  film  especially 
near  die  gasJiquid  interiaoe.  The  photochronuc  dye  traces 
formed  in  the  film  mdicated  that  flow  revemal  does  not  occur 
even  when  large  surface  waves  are  present  and  the  interfacial 
shear  due  to  the  gas  flow  readies  its  maximum  value  at  the  onset 
of  flooding.  This  is  dearly  diown  in  Fig  4,  where  the  traces  in 
the  liquid  film  observed  in  two  consecutive  fiames  in  Run  1  are 


moving  downward  everywhere.  In  all  the  traces  ofaaerved  in  every 
nm.  the  trace  never  moved  upward  to  indicate  flow  rcverral 
(upward  flow)  in  any  part  of  the  liquid  film. 

The  instantaneous  velodty  profiles  were  ntilainrri  fiom  the 
trace  motioo  in  consecutive  fiaiM  as  shown  in  Figs.  3  through  1 
far  Runs  1  through  3,  respectively.  The  instantarawus  vefodly 
profiles  also  indicate  that  although  the  mterfodal  drag  causes 
retardation  of  the  film  flow  near  die  mterface,  die  downward 
vdodties  are  still  sifostantially  large  and  for  fiom  reaching  zero 
or  positive  vekxalies.  Of  course,  a  higher  gas  flow  rale  causes 
more  significant  retardation  of  the  liquid  film  near  the  mterface 
as  dearly  evident  from  a  compariaon  of  Runs  2  and  3.  But.  even 
the  maximum  mterfadal  shear  stresses  reached  at  the  flooding 
gas  vdoddes  are  not  sufficient  to  cause  flow  leverad  and  iqivasd 
flow  in  the  liquid  fihiL 


FlgS  Instantaneous  Vdodty  Profiles  of  Run  1 
just  before  the  onset  of  flooding 


F1g.d  Irutantaneous  Velodty  Proflles  of  Run  2 
just  before  the  onset  of  flooding 


1 


FIs.  7  InstaBtineoBi  VelocHy  Profltei  of  Rim  3 
wctt  bdbfc  the  oatct  of  flooding 


X2WaU  Sheer  Stien 

From  the  hwteatmeousedocityproflles.  the  evense  axiel 
edacity  proflles  can  be  evaliHded  as  fluiMi  in  Fige  S  tbiaig)i  10 
fir  Rub  1  throng  3,  teapectivdy.  Usng  flie  aveiage  axial 
edacity  prafiles,  the  wall  shear  stiesaes  can  be  leadily  obtained 
fiom  product  of  the  vefecity  gtadient  at  the  eo^and  Ae 


Fls.8  Averafe  Velocity  Ptoflle  for  Run  1 
Just  befere  the  onset  of  floodins 


Fig.  9  Avenge  Velodty  Profile  fiir  Run  2 
Just  before  the  onset  of  flooding 


Fig.  10  Avenge  Vdodty  Profile  fbr  Ran  3 
weO  befinc  the  onset  of  flooding 


dynamic  viscosity  ofliquid.  Hie  measued  edues  of  vmD  shear 
stress  can  be  compered  with  Owee  predicted  by  oncMlininBioBd 
models  such  as  die  Bhanthan  and  WaDtf  (19S3)  conelaticu. 
Here,  we  have  used  Wallaf  ( 1 969)  conelatiaa  fir  tte  liquid  film 
dndoiess,  6,  to  obtain  the  void  fiaction.  OL 

^.0.063/;^  Q) 
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(3) 
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Using  Ihe  estimated  void  fiaction.  BhaiiliBn  and  Wallis  (1983) 
proposed  evaluating  the  wall  shear  stress  using  the  following 
equatioa 


2  (1-a)* 


(4) 


For  the  wall  friction  factor,  BharathB  and  Wallis  (1983) 
recommended  using  a  constant  value  of  L  ^  O.OOS.  but  diflerent 
values  can  also  be  used  based  on  single-fliase  friction  factors, 

L  =  16/Re^,  for  laminar  film,  and  C,  =  OHmiRtr''*  for  turbulent 
film.  Here,  a  constant  value  of  C.  z  0.(X)S  was  used. 

A  comparison  of  the  measured  ad  predicted  wall  shear 
stresses  is  shown  in  Table  2.  The  experinental  data  obtained  in 
this  work  clearly  suggest  that  the  precictian  method  based  on 
average  liquid  velocity  and  suiglefiiase  friction  livinf 
signifiauitly  underestimales  the  data,  as  previousty  pointed  out 
by  Abe  et  al.  (1991).  The  underprediction  may  be  due  to 
inaccuracy  in  estimating  the  void  fractka  (or  the  film  thicknessX 
Eqs.  (2)  and  (3X  but  it  clearly  points  out  the  need  to  improve  the 
overall  prediction  method. 


Table  2  Comparison  of  Esperimesital  and  Theoretical 
Wall  Shear  Stresses 


Run 

Experimental  tw 
(N/m’) 

Theoretical 

(NAb^> 

1 

5.0 

3.00 

1.7 

2 

3.3 

1.27 

2.6 

3 

2.0 

1.27 

1.5 

Another  interesting  result  is  that  the  measured  wall  shear 
stress  is  actually  higher  when  the  gas  flow  rate  is  rloyr  to 
flooding  C  71  2)  than  when  Ihe  gas  flow  rate  is  approximately 
halfthef]  jig  gas  flow  rate  (Run  3).  A  possible  explanation  to 
account  for  this  is  the  presence  of  more  aixl  larger  waves  at  the 
onset  of  flooding.  These  waves  are  formed  due  to  the  faster 
countercurrent  gas  flow,  udiidi  tends  to  retard  the  liquid  film 
velocity  near  the  interface.  However,  the  same  vMive  action  which 
decelenles  the  liquid  film  at  the  inter&oe,  could  accelerate  Ihe 
Ikpiid  near  the  vrall,  if  the  liquid  film  remains  little 

changed  and  constant  mass  flow  rate  is  maintained.  Vortices 
created  by  the  wave  action  at  the  intoiftoe  may  also  lend  to 
partially  cause  Ihe  liquid  accderation  near  the  wall,  and  the 
liquid  Glm  rleceleiatian  at  the  inter&oe  These  effects  should 
aim  be  clarified  in  the  future. 

3  J  Non-Dimensioaal  Velocity  Profiles 

The  average  velocity  profiles  visre  nort-dimensionalized 
with  wall  Giction  velocities  calculated  from  Ihe  experimentally 
evaluated  wall  drear  stresses.  A  comparison  with  the  law  of  the 
wall  for  single-phase  turbulent  flow  and  Eq.  1  proposed  by  Ho 


and  Hummel  (1970)  for  a  freely  falling  liquid  film  without  any 
upward  flow  of  gas  are  shown  in  Figs.  1 1  through  13  for  Runs  I 
through  3,  respectively.  In  all  cases,  a  reasonable  agreement  was 
obtained  in  the  laminar  sub-layer  regtan,  suggesting  that  this 
region  is  unaflected  by  the  counlercurient  gas  flow,  in  the  bufler 
zone  (S  <  y*  <  30X  a  slightly  lower  velocity  is  observed  tor  the 
liquid  film  than  predicted  the  law  of  the  wall.  Due  to  the 
extremely  thin  films  which  occur  in  oounlercunem  annular  flows. 
Runs  2  end  3  centamed  no  data  extending  into  the  turbulent  core 
region  (y*  >  30).  However,  at  a  higher  liquid  flow  rale  such  as  in 
Run  1,  the  film  thidmesses  did  reach  the  turbulent  core  legioa 
(Fig  II),  and  the  experimental  data  yielded  velocities 
considerably  higher  than  the  values  suggested  by  the  law  of  the 
vmll. 


Fig.  11  Non-DimensioardVcIodiy  Profile  for  Run  1 


just  before  the  onset  of  flooding 


Fig.  12  Non-Dimensional  Velocity  Profile  for  Run  2 
just  before  the  onset  of  flooding 


r» 


Fi^  13  Noa-Oiineiuioiiai  VekidcyPraaieforRunJ 
well  before  the  onset  of  Hoodiac 


A  oampauan  with  the  condatiaa  fir  a  fiJling  liquid  film 
with  DO  gu  flow  given  by  Ho  and  Hwnoiel  (1970)  provided  a 
good  indication  ofthecoiKislencyofthe  present  results.  Over  the 
range  fir  whidi  their  oonelation  vns  valid  (y*  <  30  for  Rer* 
1000),  flte  present  data  always  indicated  lower  vedodties  near  the 
intcrfine.  This  is  reasonable,  sinoc  the  countercurrent  gas  flow 
would  tend  to  retard  dw  liquid  Ghn  near  the  intetfaoe. 


4.  CONCLUSIONS 

The  photodvomic  dye  activation  (echniqiie  has  been  used 
to  study  the  flow  structure  of  a  liquid  Ghn  in  vertical, 
oountercurient  annular  twofhase  flow.  The  vekxity  profiles 
indicated  that  the  mterlacial  dtear  imposed  by  the 
counteicunent  gas  flow  does  cause  some  retardation  of  the  film 


velodty  near  the  interface,  however,  the  inloftcial  <bag  vns 
never  sullkieni  to  cause  flow  reversal  in  any  pod  of  the  liquid 
film  even  at  the  onset  of  flooding.  This  means  that  the  flow 
reversal  in  the  liquid  film  is  not  responsible  fir  the  onset  of 
flooding.  The  experimenlally  determined  wall  shear  stresses 
woe  significantly  undeqaedicted  by  an  exiating  predictive 
method  based  on  the  average  liquid  velodty,  even  at  oonditiaas 
near  the  onset  of  flooding. 
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ABSTRACT 

Experimental  Sauter  mean  diameter  (d32)  measurements, 
based  upon  a  hydrodynamic  development  length  of  228  and  a 
tube  diameter  of  32  mm,  are  compared  with  four  empirical 
conelations  which  have  been  developed  to  predict  d32  for 
vertical  upward  annular  two-phase  flows.  Two  gas  flowrates 
and  a  range  of  liquid  flowrates  have  been  considered,  each 
empirical  correlation  underpredicts  d32  at  the  higher  gas 
flowrate  of  82.21  kg/iiPs.  At  the  lower  gas  flowrate  (23.14 
kg/nPs)  serious  overprediction  is  evident  from  one  correlation 
and  underprediction,  to  varying  degrees,  from  the  other 
relationships  considered. 

1.  INTRODUCTION 

Vertically  upward  annular  two  phase  flow  is 
characterised  by  the  existence  of  a  thin  wavy  liquid  fl  im  on  the 
pipe  wall  with  an  iiuier  cote  of  the  flow  which  comprises  the 
gas  and  the  entrained  droplets.  The  droplets  exist  as  a  resuh  of 
entrainment  and  various  break-up  mechanisms.  Experimental 
observation  has  shown  that  the  growth  of  waves  on  the  wall 
film  and  subsequent  liquid  entrainment  ate  caused  by  the  hi^ 
gas  velocity.  Bates  and  Sheriff  (1922)  have  reviewed  the 
experimental  techniques  used  to  establish  the  range  of  droplet 
size  and  the  variations  repotted  over  the  past  three  decades. 

Two  dimensional  Phase  Doppler  Anemometry  (PDA) 
techniques  have  been  used,  based  upon  optical  components 
which  provided  a  probe  volume  on  the  green  line  with  a  lengfli 
of  9.56  ttun  and  a  diameter  of  302  micron.  Coupled  with  a 
scattering  angle  of  70  degrees  this  provides  a  droplet  sizing 
range  up  to  776  microns,  as  well  as  axial  and  radial  velocities 
of  72  m/s  and  ±26  m/s  respectively.  This  droplet  sizing  range 
is  fiv  in  excess  of  the  224  micron  figure  previously  discussed 
by  Bates  and  Sheriff  (1992).  To  achieve  this  range  advantage 
has  been  taken  of  the  minimum  aperture  setting  available,  via 
the  conuiHNi  translation  mechanism,  which  is  operated  by  a 
micrometer  screw  at  the  tear  of  the  Dantec  receiving  optics. 
For  the  current  measurements  off  axis  forward  scatter  at 
70  degree  has  been  considered,  to  take  advantage  of  the 
dominance  of  first  order  refraction  and  the  reduced  influence 
of  both  reflection  and  higher  orders  of  refraction.  Some 
ambiguity  has  been  experienced  when  armuiar  two-phase  flow 
measurements  have  been  compared,  on  the  same  flow  facility, 
using  both  30  and  70  degree  scatter.  Bates  and  Ayob  (1994). 


Experimental  data  bases  have  been  assembled  by  a 
number  of  researchers  taking  advantage  of  diffraction  based 
light  scattering  instrumentation.  Empirical  correlations  have 
subsequently  been  developed  based  mainly  upon  the  physical 
parameters  of  dm  atmular  two-phase  flow.  Azzopardi  (1985) 
proposed  that 


^T  (We*)®-^*  PL^^G 


(1) 


for  those  flowrates  where  the  drop  size  increases  with  liquid 
flowrate,  suffixes  L  and  G  represent  the  liquid  and  gas 
respectively,  Xj  denotes  the  Taylor  wavelength 

(X^  “.^o/pLg),  o  is  the  liquid's  sur&ce  tension,  g  represents 
gravitatioiial  acceleration  aiKf  p  the  density.  The  first  term 
describes  the  effect  of  the  gas  phase,  where  We*  denotes  the 

Weber  number  based  on  the  Taylor  Wavelength, 

(We'  •  Pi^UqX-t  /  o  Uq  is  the  superficial  gas  velocity),  whilst 
the  second  term  accounts  for  th'*  liquid  concentration,  Gi^£  is 
the  entrained  liquid  mass  flux. 

Azzopardi  er  a/ (1980)  had  previously  proposed  a 

different  relationship: 


q^ecifically  for  situations  where  the  liquid  was  introduced 
through  a  porous  walL  here  We  is  the  Weber  number  based  on 

the  tube  diameter  We  >  Pq  Uq  I>r/cr  and  Re  is  the 

conventional  Reynolds  number  (Re  =  UoD^vq,  in  whidiv 
is  the  kinematic  viscosity).  The  form  of  this  relationship  was 
developed  from  turbulent  droplet  break-up  and  coalescence 
analysis,  the  tube  diameter  (i>f)  is  also  a  variable.  The 
droplet  break-up  term  contains  the  observed  effect  of  gas 
velocity  within  the  Reynolds  and  Weber  numbers,  while  the 
concentration  term  accounts  for  the  small  increases  in  drop 
size  as  the  liquid  mass  flux  is  increased. 
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Gibboiis(l98S)  investigated  the  use  of  equations  (I )  and 
(2)  for  his  experimental  data  and  subsequently  proposed  that; 
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The  weak  effect  of  viscosity  has  been  incorporated  by  the 

introduction  of  (pq  /  which  relates  the  gas  viscosity 

to  that  of  the  water  in  order  to  account  for  a  small  increase  of 
droplet  diameter  with  increasing  liquid  viscosity.  The 
exponent  of  the  Tqrlor  wavelength  based  Weber  number  has 
bem  increased  to  0.63  to  take  into  consideration  the  effect  of 
gas  velocity  on  droplet  diameter. 

Ambtosini  et  al  (1991)  proposed  another  empirical 
correlation 


X3 
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Here  fj  is  the  interfecial  friction  fiKtor  representiiig  the 
roughness  of  the  gasfliquid  inter&oe  and  m  is  the  wall  film 
thickness.  Both  fj  and  m  were  determined  using  correlations 
based  upon  published  experimental  data.  Optimised  values  of 
the  constants  XI  (22.0),  X2  (0.83),  X3  (0.6)  and  X4  (99.0) .  as 
shown  in  the  brackets,  were  determined  to  fit  two 
experimental  data  banks.  One  of  the  latter  being  the  Harwell 
Laboratory  data  bank,  which  has  been  accumulated  over  a 
period  of  at  least  two  decades. 

Teixeita(l988)  reviewed  the  performance  of  other 
correlations,  advantage  has  been  taken  of  his  observations  to 
focus  rnily  on  these  four  correlations  since  in  general  tiiey 
showed  the  best  overall  performance.  The  current 
measurements  update  those  on  a  restricted  sizing  range 
reported  by  Bates  et  al  (1994). 


2.  EXPERIMENTAL  FLOW  FACIUTY/DATA 
ACQUISITION 

The  experimental  facility  was  ostensibly  the  same  as  that 
previously  used  by  Bates  and  Sheriff  (1992),  as  shown  in 
Figure  1(a).  Compressed  air  was  supplied  to  the  flowline 
which  was  7.3  m  long,  between  the  inlet  and  outlet  sinter 
sections.  Water  was  injected  into  the  rig  via  the  lower  porous 
sinter  section,  the  air  then  transports  the  liquid  upwards  and  an 
annular  wall  film  is  formed.  The  wail  film  was  removed  Just 
prior  to  the  optical  measurement  section,  the  water  supplied  to 
the  lower  sinter  was  continuously  monitored,  togetiier  with 
that  extracted  at  the  upper  level.  The  difference  between  the 
two  readings  provides  the  entrained  liquid  mass  flux  (Gle)- 
PDA  measurements  were  obtained  at  the  optical  head 
immediately  after  the  upper  sinter  section.  The  optical  hewl, 
as  shown  in  Figure  1(b),  was  designed  to  provide  access  to 


Figure  Kb)  A  Plan  View  of  TIk  Optical  Head 

the  flow  via  a  SO  mm  diameter  optical  window  3  nun  thick. 
The  scattered  light  was  collected  at  70°,  via  an  identical 
optical  window,  air  purges  were  provided  to  prevent  droplet 
deposition  upon  eitiier  window.  The  pressure  at  the  point  of 
measurement  was  maintained  at  1.6  bar  (absolute),  other 


experimental  vertically  upward  annular  two-phase  flow 
measurements  at  or  near  this  pressure  within  32  mm  diameter 
flow  lines  are  shown  in  Table  I.  The  table  also  shows 
the  hydrodynamic  development 

Table  I  Summary  of  Previous  Work  on  Droplet  Size-Velocity 
in  Vertical  Annular  Air- Water  Two-Phase  Flow 
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length  (L),  together  with  the  range  of  superficial  gas  (Uq)  and 
liquid  velocities  and  the  teduiique  employed  to 

determine  droplet  sizes  and  the  sizing  range. 

The  table  shows  that  the  current  measurements  provide 
both  a  hydrodynamic  development  length  and  a  sizing  range 
capability  which  compares  favourably  with  the  previous 
investigations. 

Data  collection  on  the  centreline  was  based  upon  a  two- 
dimensional  orthogonal  optical  configuration,  from  a  300  mW 
Argon-ion  air  cooled  laser,  with  the  green  line  being  used  to 
provide  the  droplet's  vertical  velocity  and  the  diameter,  whilst 
the  blue  line  provided  the  radial  velocity.  The  four 
photomultiplier  output  signals  were  processed  via  a  Dantec  co- 
variance  processor,  in  the  SIZEWARE  software  package  all 
the  validation  functions  were  enabled  with  a  maximum  phase 
error  of  20°  and  a  spherical  deviation  of  20%.  The  sample 
size  was  based  upon  either  a  maximum  of  up  to  30000 
validated  points  or  an  elapsed  time  duration  of  180  seconds, 
depending  upon  which  occurred  first 

3.  EXPERIMENTAL  MEASUREMENTS 

Droplet  count  histograms  are  presented  in  Figure  2(a)  and 
(b)  for  air  mass  fluxes  of  25.14  kg/m^  and  82.21  kg/m^  and 
two  liquid  mass  fluxes.  At  the  lower  gas  flow  rate  the 
normalised  histograms  virtually  overlay  one  another,  although 
as  the  data  rates  show  greater  entrainment  is  evident  with  the 
higher  liquid  mass  flux.  At  the  higher  gas  flowrate 
Figure  2(b)  shows  small  variations  in  the  histograms  with 
increasing  liquid  mass  flux.  The  histograms  confirm  the 
existence  of  more  droplets  in  the  100-200  pm  range  at  the 
higher  liquid  mass  flux  (41.90  kg/m^)  compared  with  the 


lower  mass  flux  (18.96  kg/mH).  The  data  associated  with 
each  respective  histogram  shows  that  a  greater  percentage  of 
spherical  droplets  satisfying  the  validation  criteria  with  the 
lower  liquid  mass  flux  95.8%  and  98%  for  the  lower  and 
higher  air  mass  fluxes  respectively.  These  figures  compare 
with  values  of  89%  and  93.4%  for  the  greater  liquid  mass  flux 
and  the  corresponding  air  fluxes. 
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Figure  2  Histogram  of  Drop  Mean  Diameter 
At  Constant  Gas  Mass  Flux 

The  variation  of  number  mean  (dlO)  and  Sauter  mean 
(d32)  diameters  for  liquid  mass  fluxes  of  18.96  kg/m^  and 
4l.90kg/m^  and  the  range  of  air  mass  fluxes  investigated 
(25.14-82.21  kg/m*s)  are  shown  in  Figure  3.  The  results  show 
a  general  and  almost  exponential  decay  of  both  dlO  and  d32 
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Souler  mean  diameter  (,/zm;  Droplet  diometer  (/xm) 


with  increasing  air  mass  flux,  converging  to  values  of  80  pm 
and  140  pm  respectively  at  the  highest  gas  mass  flux. 


Gas  moss  flux  (kg/m  s) 


Figure  3  Variation  of  Number  Mean  (dlO)  and 
Sauter  Mean  (d32)  Diameter  With  Gas  Mass  Flux 


Liquid  moss  flux  (kg/m^s) 

Figure  4  Varialion  ofSiiuier  Mean  Diainclcr  (d32) 

With  Liquid  Muss  Flux 

Variation  of  d32  with  increasing  liquid  mass  flux,  for  the 
range  of  gas  mass  fluxes  considered  is  shown  in  Figure  4,  the 
trend  is  such  that  the  diameter  increases  slowly  with 
increasing  liquid  mass  flux  and  decreases  with  increasing  gas 
mass  flux,  although  only  small  differences  are  evident  at  the 
higher  gas  flowrates. 


Droplet  velocity  versus  diameter  correlations  are 
presented  in  Figures  for  the  maximum  (82.21  kg/m^)  and 
minimum  (25. 14  kg/m^)  gas  flowrates  and  liquid  mass  fluxes 
of  18.96  kg/m^  and  41.90  kg/mH  respectively.  At  the  lower 
gas  flowrate  droplets  are  shown  to  exist  over  virtually  the 
whole  sizing  range,  for  each  of  the  liquid  flowrates 
considered.  The  profiles  show  little  variation  in  the  decay 
characteristics  with  variation  in  the  liquid  mass  flux.  At 
the  high  air  mass  flux.  Figures  shows  significant 


Droplet  meon  diometer  (/tm) 


Figure  5  Droplet  Mean  Velocity-Diameter  Correlation 

differences  with  varying  liquid  flux,  few  if  any  large  droplets 
are  observed  greater  than  450-500  pm  particularly  at  the  lower 
liquid  mass  flux.  The  occasional  large  droplets  maybe 
travelling  at  a  velocity  greater  than  that  of  the  average  value  of 
the  more  numerous  smaller  droplets.  Much  less  droplet  slip, 
compared  with  the  superficial  gas  velocity,  is  evident  with  the 
higher  liquid  mass  flux  correlation. 

4.  DISCUSSION 

The  current  experimental  variations  of  d32,  together  with 
those  of  Sheriff  (1993),  and  the  correlation  achieved  with 
equations  1-4  are  shown  in  Figures  6(a)  and  (b)  for  gas  mass 
fluxes  of  82.21  and  25.14  kg/m^  respectively  and  the  liquid 
mass  flux  range  investigated.  The  current  measurements  show 
much  higher  d32  values,  typically  300  pm,  for  the  lower  air 
mass  flux  compared  with  the  120  pm  results  of  Sheriff.  This 
reflects  the  truncated  sizing  range  of  224  pm  which  he 
investigated.  The  histograms  in  Figure  2(a)  show  that  a  large 
number  of  droplets  greater  than  224  pm  are  present  in  the 
flow.  Better  agreement  is  evident  at  the  higher  gas  mass  flux, 
since  as  Figure  2(b)  shows  the  vast  majority  of  the  droplets  are 
less  than  200  pm. 

As  is  evident  fhnn  Fig  6(a)  each  empirical  correlation 
shows  some  degree  of  underprediction,  the  most  serious 
discrepancies  being  evident  from  Gibbons  empirical 
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relationship  (equation  3).  The  current  measurements  show 
that  d32  reaches  a  minimum  value  of  120  pm  at  a  liquid  mass 
flux  of  approixmately  23  kg/m’s  and  increases  thereafter. 

The  results,  in  Figure  6(b),  for  the  lower  gas  mass  flux 
show  that  serious  overprediction  of  d32  is  shown  by  the 
relationship  of  Ambrosini  et  al.  The  best  correlation  with  the 
experimental  data  is  achieved  by  Azzorpatdi's  empirical 
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Figure  6  Comparison  of  Experimental  And  Empirical 
Prediction  of  Sautcr  Mean  Diameter  With  Liquid  Flow  Rale 

relationship  (equation  1),  whilst  the  other  two  relationship 
underpredict  the  variation  of  d32  with  liquid  mass  flux.  Each 
of  the  flow  correlations  takes  into  account  the  effect  of  liquid 


flow  rate.  The  fact  that  the  current  nteasurements  provide  d32 
values  greater  than  those  reported  by  other  researchers 
reflects,  as  shown  in  Table  1,  the  range  of  droplets  which 
could  be  observed  by  each  measurement  technique.  The 
current  sizing  range  capability  compares  favourably  with  the 
other  investigators  shown  in  Table  I.  Since  the  empirical 
correlations  reflect  the  experimental  sizing  range,  upon  which 
they  are  based,  it  is  not  surprising  that  significant  differences 
are  observed.  Not  surprisingly  the  signal  processing  capability 
of  the  equipment  used  in  the  current  investigation  greatly 
exceeds  that  used  for  all  previous  studies,  apart  from  that  of 
Sheriff(1993). 

The  current  n.casu(ements  based  on  a  hydrodynamic 
development  length  of  228  provides  a  greater  opportunity  for 
the  flow  to  become  established  and  fully  developnl.  However 
the  d32  measurements  in  Figure  3  do  not  provide  conclusive 
evidence  that  the  flow  is  fully  developed.  The  reduction  in 
d32  with  increasing  gas  mass  flux  mav  be  represented,  for  the 
data  in  Figure  3  by  d32  =  k(Go)‘®  ^  ,  where  Qq  is  the  gas 
mass  flux. 

At  the  higher  gas  flowrates  the  results,  shown  in  Figure  4, 
confirm  Azzopardi's  observation  of  his  data  that  d32  at  first 
decreases  with  increasing  liquid  flux  and  then  increases.  The 
droplet  velocity  versus  diameter  correlations  show  that  at  the 
lower  gas  flowrate  the  results  are  independent  of  the  water 
flowrate,  whereas  at  the  higher  gas  flowrate  the  correlations 
show  appreciable  variations.  The  droplet  axial  velocity  could 
be  expected  to  increase,  at  the  higher  liquid  mass  flux, 
because  of  the  reduction  in  the  void  fraction  and  the  much 
greater  droplet  entrainment  which  occurs  at  the  higher  gas 
flowrate.  This  increase  in  droplet  mean  velocity  is  observed  in 
Figure  4  at  the  higher  gas  flowrate  over  the  whole  range  of 
droplets  measured. 

5.  CONCLUSIONS 

The  current  measurements  show  a  strong  influence  of  gas 
mass  flux  on  droplet  size  and  that  the  Sauter  mean  diameter 
(d32)  is  dependent  on  the  gas  mass  flux  to  the  power  of  -0.73. 
The  measured  values  of  dIO  and  d32  are  only  weakly 
dependent  on  the  liquid  mass  flux.  Of  the  four  empirical 
correlations  considered,  each  underpredicts  d32  at  the  highest 
gas  mass  flux.  At  the  lower  gas  mass  flux  reasonable 
correlation  is  achieved  by  equations  2  and  3  and  in  particular 
with  the  correlation  proposed  by  Azzopardi  (equation  1 ). 
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ABSTRACT 

Pressure  vessels  and  pipe  networks  containing  high 
enthalpy  liquids  under  pressure  are  a  common  occurrence 
in  the  nuclear  industry.  The  failure  of  a  vessel  or  pipe  in 
the  form  of  a  small  hole,  results  in  the  formation  of  a 
two-phase  jet  conuining  a  mixture  of  water  droplets  and 
steam.  These  droplets  are  generated  by  flash  boiling  and 
aerodynamic  fragmentation.  There  is  the  possibility  of 
the  presence  of  the  fission  products  suspended  or 
dissolved  in  the  high  enthalpy  fluid  and  the  droplets 
formed  can  thus  act  as  carriers  of  activity.  Experimental 
data  on  size  and  velocity  distribution  of  the  ttoptets  are 
required  to  support  safety  and  licensing  calculations  on 
die  transport  of  flssion  products  in  the  containment 
Fiirthermore,  a  good  understanding  of  the  droplet  release 
mechanisms  is  necessary  in  order  to  specify  the  source 
terms  for  subsequent  dispersion  calculations.  Efforts  are 
cunendy  underway  at  AECL  Research,  Whiteshell 
laboratories,  to  obtain  the  size  and  velocity  of  water 
droplets  in  flashing  Jets  generated  using  various  nozzle 
geometries  and  reservoir  test  conditions.  To  this  end,  a 
phase  Doppler  anemometer  is  used  to  obtain  the 
necessary  information.  This  paper  deals  with  the 
presentation  of  results  obtained  using  a  custom  made 
nozzle  having  a  diameter  of  0.061  cm  and  a  throat  length 
of  0.61  cm  (L/D  «  10).  Typical  results  obtained  at  a  test 
pressure  of  4  MPa  and  a  temperature  of  230^  are 
presented.  Efforts  are  made  to  obtain  the  represenutive 
diameter  to  characterize  droplet  size  in  flashing  jets. 
Attempts  are  also  made  to  obtain  the  proper  scaling 
variables  that  can  be  used  to  characterize  a  flashing  jet 

1.  INTRODUCTION 

During  a  postulated  accident  condition  involving  a 
break  in  the  primary  heat  transport  system,  the 
high-enthalpy  water  can  discharge  into  the  containment 
in  the  form  of  a  flashing  jet.  The  effluent  jet  consists  of 


a  two-phase  mixture  of  steam  and  small  water  droplets 
generated  by  flash  boiling  atomization  and  aerodynamic 
fragmenution.  The  presence  of  the  fission  products  in  the 
high  enthalpy  fluid  is  quite  plausible  and  consequently 
die  water  droplets  formed  can  act  as  carriers  of  activity. 
Experimental  dau  on  size  and  velocity  distribution  of  the 
droplets  are  required  to  support  safeq^  and  licensing 
calculations  on  the  transport  of  fission  products  in  the 
containment 

There  has  been  a  widespread  interest  in  the  study 
of  the  mechanics  of  flashing.  Flash  boiling  atomization 
has  applications  in  fuel-injection  devices  used  to  improve 
engine  performance.  Aerosols  generated  from  spray  cans 
by  filling  have  wide  housdiold  utilization  as 
insecticides,  deodorants,  etc.  Studies  have  been 
conducted  to  understand  the  |diysics  of  the  flashing 
process  [Appleton,  P.  R.,  1984;  Jones,  Jr.,  O.  C.,  1980; 
Koestel,  A.,  et  al.  1980;  Lienhard  et  al.,1970;  Oza,  R.  D., 
1984;  Sher,  E.  and  Elata,  C.  1977].  Attempts  have  also 
been  made  to  measure  droplet  sizes  in  heated  water  jets 
(Anderson,  R.  C..  et  al.  1984;  Bales,  C.  J.,  et  al.  1986; 
Reitt,  R.  D.,  1990]. 

Many  of  the  earlier  drop  size  measurements 
reported,  involved  the  use  of  photography  or  some  form 
of  light-scattering  techniques.  In  die  present  study,  a 
phase  Doppler  anemometer  (Dantec  Inc.)  is  used  to 
obuin  experimer'*'!  data  on  the  size  and  velocity  of  water 
droplets  forme  .  ^  xshing  jets.  With  the  advent  of  the 
phase  Dopple.  ...nomeier  (PDA)  some  of  the 
difflculties  encountered  in  the  earlier  measurements  have 
been  effectively  overcome  [Bachalo,  W.  D.  and  Houser, 
M.  J.,  1986;  Durst,  F.,  1982;  Tayali,  N.  E.  and  Bates,  C. 
J.,  1990].  It  should  be  noted  that  die  light  intensity  of 
the  transmining  beams  and  the  sensitivity  of  the 
photodetectors  have  a  distinct  influence  on  the  particle 
size  measurement  These  factors  have  been  discussed  in 
a  recent  paper  [Balachandar  et  al.  1994].  This  study  will 
focus  on  the  measurement  of  water  droplet  velocity  and 
size,  as  the  effluent  jet  progresses  into  the  containment 
The  tests  are  conducted  at  a  pressure  of  4  MPa  and  a 
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temperaiure  of  230'’C.  Radial  distributions  of  the  mean 
velocity  and  panicle  size  are  presented  at  two  axial 
stations. 

2.  EXPERIMENTAL  SET-UP 

Figure  la  shows  a  schematic  of  the  experimental 
set-up  used  in  the  present  study.  The  water  is  heated  to 
the  required  temperature  by  means  of  a  heating  source 
inside  the  vessel.  The  vessel  is  pressurised  by  adding 
nitrogen  gas  from  the  top.  After  the  test  conditions  are 
attained,  the  pipe  connecting  the  pressure  vessel  to  the 
nozzle  arrangement  is  also  heated  to  the  required  value. 
The  boiler  and  the  piping  system  are  well  insulated  to 
minimize  heat  losses.  The  nozzle  assembly  [Inset,  Figure 
Ib]  consists  of  a  straight  section  ISO  mm  long  and  4.83 
mm  in  diameter.  This  is  followed  by  a  sudden 
contraction  leading  to  a  throat  section  0.61  mm  in 
diameter  and  6.1  mm  long  (L/D  -  10).  As  the  hot  water 
is  depressurized  through  the  nozzle,  a  flashing  jet  is 
formed  at  the  tip  of  the  nozzle.  For  the  pressure  and 
temperature  chosen  in  the  present  study,  visual 
observations  indicate  that  the  flashing  jet  is  characterised 
by  the  formation  of  a  nearly  hemispherical  expansion 
followed  by  a  linear  spreading. 

At  any  point  in  the  flow  field  of  a  flashing  jet,  the 
particle  size  and  the  velocity  in  the  axial  direction  are 
simultaneously  measured  using  the  phase  Doppler 
anemometer  (PDA).  The  present  system  uses  a  variable 
power,  water  cooled,  Argon-Ion  laser  having  a  wave 
length  of  514.5  nm.  A  fiber  optic  probe  fitted  with  a 
lens  of  focal  length  400  mm  forms  the  transmitting 
optics.  The  receiving  optics  is  fitted  with  a  convex  lens 
having  a  focal  length  of  600  mm.  A  system  of  three 
photomultiplier  (PM)  tubes  with  built  in  pre-amplifiers  is 
fitted  on  the  receiving  optics  to  obtain  and  validate  the 
phase  information  contained  in  the  Doppler  signals.  The 
transmitting  and  receiving  optics  were  mounted  on 
independent  traversing  arrangements.  These  traversing 
arrangements  were  computer  controlled  and  allowed  a 
simultaneous  movement  of  both  the  transmitting  and  the 
receiving  optics. 

The  PDA  system  was  calibrated  for  the 
measurement  of  both  size  and  velocity  using  standard 
procedures.  The  velocity  measurements  were  validated 
by  conducting  measurements  in  known  flow  fields  such 
as  the  potential  core  of  an  air  jet.  The  size  measurements 
were  validated  by  conducting  measurements  in  an  air  jet 
seeded  with  monodisperse  soda  lime  glass  beads  of 
known  sizes.  A  remark  regarding  size  measurement  in 
flashing  jets  using  the  PDA  is  in  order.  In  a  related 
study  [Balachandar  et  al.  1994],  it  was  found  that  the 
water  droplets  were  fairly  polydisperse  in  nature  and  (heir 
size  ranged  from  about  1  to  100  pm.  It  was  also  realized 


that  at  a  given  location  in  the  flashing  jet,  the  count  - 
size  distributions  obtained  were  quite  different  at  various 
intensities  of  the  transmitting  laser  beam.  Based  on  a 
series  of  systematic  tests,  it  was  found  diat  intensity  of 
the  transmitting  beams  coupled  with  the  sensitivity  of  the 
photodetectors  have  a  distinct  influence  on  the  size 
measurement  It  was  found  that  smaller  particles  (<  10 
pm)  do  not  scatter  sufficient  light  when  the  intensity  of 
the  transmitting  beams  is  low  and  hence  are  not 
recognised  by  the  PM  tubes.  Similarly,  when  the  high 
voltage  gain  of  the  PM  tubes  is  low,  the  smaller  particles 
are  once  again  not  visible.  A  proper  combination  of 
these  two  factors  was  found  necessary  in  order  to  conduct 
size  measurements  with  a  higher  accuracy  and  m  the 
minimum  possible  measurement  time.  For  the  measuring 
environment  present  m  a  flashing  jet,  it  has  been 
established  that  the  high  voltage  gain  of  the  PM  tube 
should  be  set  at  1000  V  and  the  intensity  of  the 
transmitting  laser  beam  should  be  set  at  2.5  W 
[Balachandar  et  al.  1994].  Titis  ensured  the  measurement 
of  very  small  particles  and  the  acceptance  rate  of  the  data 
acquired  was  close  tc  100%.  The  signal-to-noise  ratio 
was  set  at  0  dB  and  following  the  analysis  presented  in 
a  previous  study  [Balachandar  et  al.  1994],  the  sample 
size  (N)  was  set  at  3000. 

Figure  lb  shows  a  simple  schematic  of  the  flashing 
jet  and  the  coordinate  system  adopted.  Measurements 
were  conducted  along  the  radial  direction  (Y  axis)  at  two 
axial  stations  (Z  -  48.8  and  146.4  cm;  Z/D  •  800  and 
2400).  The  nozzle  assembly  was  mounted  on  a 
traversing  mechanism  to  facilitate  the  movement  of  the 
jet  axially  (Z  -  direction).  The  vertical  direction  (Y) 
measurements  were  achieved  by  simultaneously  moving 
the  transmitting  and  receiving  optics.  The  variables  of 
interest  include  the  mean  velocity,  the  count  mean 
diameter,  the  Sauter  mean  diameter,  count  median 
diameter  and  the  volume  median  diameter. 

3.  RESULTS 

3.1  Radial  distribution  of  mean  velocity: 

Preliminary  tests  indicated  that  the  velocity 
distributions  were  symmetrical  about  the  jet  axis. 
Consequently,  the  measurements  were  mainly  conducted 
on  one  side  of  the  jet  and  the  range  of  measurements 
were  limited  to  -20  <  Y  (cm)  <  +5.  Figure  2a  shows  the 
radial  distribution  of  the  mean  velocity  at  two  axial 
locations  measured  along  the  Y  -  axis.  In  this  figure,  a 
value  of  Y  -  +15  indicates  the  top  portion  of  the  jet, 
where  as  Y  -  -15  indicates  the  lower  part  of  the  jet.  The 
velocity  distributions  denote  an  increase  in  the  spreading 
of  the  jet  as  the  distance  from  the  nozzle  increases. 
Using  distributions  such  as  in  Figure  2a,  the  half  width 
(5)  of  the  jet  [the  radial  location  where  the  velocity  is 
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one  half  of  the  centre-line  velocity]  was  evaluated. 
Figure  2b  shows  the  variation  of  5  with  increasing 
distance  from  the  rozzle.  The  jet  appears  to  spread 
linearly  and  furthermore,  the  rate  of  growth  of  the  jet 
resembles  that  obtained  in  a  two-phase  plane  jet 
[Goldschmidt,  1966].  Figure  3  shows  the  variation  of  the 
mean  velocity  along  the  radius  of  the  jet  at  the  two  axial 
stations  using  and  5  as  the  normalizing  velocity  and 
length  scale  respectively.  Here  is  the  value  of  the 
velocity  along  the  axis  at  any  given  station.  The  data 
collapse  on  to  a  single  curve  indicating  that  the  mean 
velocity  profiles  are  similar.  For  qualitative  comparison 
purposes,  a  typical  velocity  distribution  obtained  in  a 
single  phase  flow  [Hetsroni  et  al.  1971]  is  also  shown  in 
Figure  3.  Compared  to  previous  measurements  in  free 
jets,  it  should  be  borne  in  mind  that  the  present 
measurements  are  conducted  at  much  larger  distances 
from  the  nozzle. 

Figure  4a  shows  the  probability  density  distributions 
of  velocity  at  various  radial  locations  for  Z/D  -  800. 
The  distributions  are  fairly  similar  at  two  symmetrical 
locations  (Y/6  -  +1  and  -1)  on  either  side  of  the  jet.  The 
distributions  appear  to  closely  follow  a  Gaussian  curve. 
A  sensitive  test  of  the  closeness  of  fit  with  a  Gaussian 
curve  is  provided  by  the  flatness  factor  F  -  {£-,(11,  • 
U^)*/s^N}  of  the  distribution.  Here,  U,  is  the  velocity 
of  the  ith  particle  in  the  axial  direction,  U— _  is  the  mean 
velocity  and  s  is  the  standard  deviation  of  the  velocity  set 
under  consideration.  The  theoretical  value  of  F  for  a 
normal  distribution  is  3.0.  Figure  4b  shows  the  radial 
distribution  of  F  at  the  two  axial  stations.  In  the  present 
study,  at  Z/D  •  800,  the  experimental  values  of  F  ranged 
from  2.8  to  3.3  in  the  core  region  of  the  jet  (-1.0  <  Y/6 
<  1.0).  This  resembles  the  values  obtained  in  single 
phase  jets  [Hetsroni,  1971].  One  also  notes  from  Figure 
4b  that  at  radial  locations  beyond  the  half-width  of  the 
jet,  the  F  values  increase  with  increasing  distance  from 
the  jet  axis.  A  similar  observation  was  noted  by 
Wygnanski  et  al.  [1969]  in  single  phase  free  jets.  A 
measure  of  the  relative  skewness  (S  -  {£,(U,  - 

U _ ^Vs^N)  of  the  jet  is  indicated  in  Figure  4c.  The 

theoretical  value  of  S  for  a  normal  curve  is  zero.  Figures 
4b  and  4c  indicate  that  the  deviations  of  the  probability 
density  distributions  from  a  Gaussian  curve  are 
considerable  towards  the  outer  edges  of  the  jet  and  these 
deviations  are  fairly  similar  at  the  two  axial  stations 
considered.  The  variation  of  both  S  and  F,  from  normal 
conditions  could  be  attributed  to  the  fairly  high  droplet 
concentrations  at  the  various  measuring  locations  in  a 
flashing  jet  Furthermore,  it  should  be  borne  in  mind  that 
the  particles  are  polydisperse  in  nature  travelling  with 
various  velocities.  For  obvious  reasons,  the  larger 
particles  cannot  be  expected  to  faithfully  follow  the 
general  flow  and  some  of  them  can  be  visually  seen  to  be 


dropping  off  beyond  7JD  »  1000.  The  behaviour  of  the 
higher  order  moments  indicate  a  general  tendency  to 
maintain  seif  preservation  as  one  progresses  axially  along 
the  jet  Figure  Sa  shows  the  radial  distribution  of 
longitudinal  turbulent  intensities  measured  along  the  Y  - 
axis.  The  distribution  resembles  the  ones  obtained  in 
single  phase  flows  [Hetsroni  1971,  Wygnanski  1969]. 
Figure  Sb  shows  the  same  set  of  dau  replotted  in  a 
normalized  fashion  using  U^,  and  5  as  the  normalizing 
scales.  There  is  a  larger  amount  of  scatter  in  the  data  at 
Z/D  -  2400.  One  should  bear  in  mind  that  the  two 
stations  being  compared  to  determine  the  self  preserving 
nature  of  the  flow  are  quite  far  from  each  other.  The 
near  coincidence  of  the  dimensionless  turbulent  intensity 
profiles  (lower  order  moments)  reveal  once  again  the 
inherent  similarity  of  turbulent  free  jets. 

3.2  Radial  distribution  of  particle  size: 

Figure  6a  shows  the  variation  of  the  mean  diameter 
along  the  radius  at  the  two  axial  stations.  At  a  section 
closer  to  the  nozzle,  the  droplets  are  larger  along  the 
middle  portions  of  the  jet.  A  similar  observation  was 
noted  by  Reitz  (1990).  Using  two  different  illumination 
techniques,  Reitz  (1990)  was  able  to  observe  that  the  jet 
consists  of  two  regions;  a  core  region  and  a  surrounding 
fine  spray  region.  Reitz  (1990)  further  speculated  that 
die  main  jet  had  several  sub  jets  whose  breakup 
constituted  the  smaller  particles  in  the  outer  edges  while 
longer  wave  length  breakup  (hence  larger  particles) 
contributed  to  the  core  region.  This  is  reflected  in  the 
present  measurements.  However,  in  Figure  6a,  one 
notes  that  the  larger  particles  are  found  to  occur  below 
the  axis  of  the  jet  and  the  size  distributions  are  clearly 
asymmetric.  At  any  axial  station,  the  mean  diameters  are 
generally  larger  along  the  lower  half  of  the  jet  (Y  <  0). 
One  would  speculate  that  this  is  a  consequence  of 
gravitational  settling  and  hence  the  asymmetry. 
However,  it  is  interesting  to  note  that  along  the  jet  axis, 
the  value  of  the  mean  diameter  decreases  with  increasing 
distance  from  the  nozzle.  As  indicated  earlier,  during 
visual  observations,  the  particles  could  be  seen  physically 
dropping  off  after  about  Z/D  -  1000.  Figure  6b  shows 
the  radial  variation  of  the  Sauter  mean  diameter 
JA^rSA^)  at  the  two  axial  stations.  Here,  d,  is  the 
diameter  of  any  given  particle  and  the  maximum  value  of 
i  -  3000.  At  Z/D  -  800,  the  distribution  resembles  that 
obtained  for  the  mean  diameter.  At  Z/D  -  2400,  the 
particle  size  increases  drastically  with  increasing  distance 
from  the  jet  axis  along  the  bottom  half  of  the  jet 

The  use  of  the  mean  diameter  does  not  in  reality 
reflect  the  proper  nature  of  the  size  distribution.  It 
should  be  borne  in  mind  that  the  particles  crossing  the 
measuring  volume  at  a  given  measurement  location  are 
highly  polydisperse.  Consequently,  it  is  necessary  to 
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study  the  entire  size  distribution  and  obtain  more 
representative  diameters  such  as  the  count  median 
diameter  (CMD)  and  the  volume  median  diameter 
(VMD).  Figure  7a  shows  the  variation  of  cumulative 
count  -  size  distribution  along  the  radius  of  the  jet  at  an 
axial  station  Z/D  -  800.  One  can  note  that  at  a  location 
Y/d  -  1 .0  (top  portion  of  the  jet),  the  range  of  particles 
measured  varies  from  about  1  to  60  pm.  At  this  location, 
about  30%  of  the  particles  measured  are  below  6.3  pm 
while  90%  of  the  particles  are  below  20  pm.  The 
procedure  for  obtaining  the  CMD  is  also  indicated  in 
Figure  7a.  Using  such  sketches,  the  CMD  is  evaluated 
and  Figure  7b  shows  the  radial  variation  of  CMD  at  Z/D 

-  8(X).  Figure  7b  indicates  that  the  variation  of  CMD  is 
very  similar  to  the  variation  of  mean  diameter.  No 
additional  information  can  be  obtained  by  studying  the 
radial  variation  of  the  CMD  alone  at  a  given  axial 
station. 

Figure  8a  shows  the  variation  of  the  volume  median 
diameter  along  the  radius  at  both  the  axial  stations.  As 
one  proceeds  from  the  top  to  the  bottom  of  the  jet,  one 
perceives  an  increase  in  VMD  along  the  radius.  The 
radial  variation  of  VMD  at  Z/D  -  800  is  quite  different 
from  the  variation  of  the  mean  diameter  or  the  CMD. 
Indications  of  gravitational  settling  can  be  clearly  inferred 
from  Figure  8a.  Furthermore,  along  the  jet  axis,  unlike 
the  variation  of  the  mean  diameter,  the  VMD  increases 
with  increasing  distance  from  the  nozzle.  Figure  8b 
shows  the  variation  of  the  relative  span  factor  (A  -  (D,,,, 

-  D,o«)/D,o,}  along  the  radius.  Here,  D,o4t,  D,o« 

D,o«  refer  to  the  90th,  30th  and  10th  percentile  of  the 
cumulative  volume  respectively.  The  relative  span  factor 
provides  a  direct  indication  of  the  range  of  the  droplet 
sizes  relative  to  the  VMD.  At  Z/D  -  800,  the  values  of 
A  decrease  towards  the  jet  axis,  indicating  that  particles 
tend  to  be  of  more  uniform  distribution  towards  the  core 
of  the  jet.  At  Z/D  -  24(X),  there  is  considerable  scatter 
in  the  data  and  the  A  values  tend  to  decrease  towards  the 
outer  edges  of  the  jet. 

In  order  to  obtain  a  better  understanding  of  the 
characteristics  of  size  distribution,  several  plots  of  the 
cumulative  counts  /  volume  distribution  were  evaluated. 
Figure  9a  shows  a  set  of  data  evaluated  at  Z/D  -  8(X) 
while  Figures  9b  and  9c  show  similar  sets  obtained  at 
Z/D  -  2400.  In  addition  to  the  mean  diameter,  VMD 
and  CMD,  these  sketches  also  show  the  dispersion  s  - 
(D^/Dj^,)®'*  in  terms  of  both  counts  and  volume.  For  a 
location  along  the  axis  of  the  jet,  one  notes  from  Figure 
9a  that  of  the  30(X)  particles  measured  at  a  given 
location,  13(X)  particles  (d  <  16  pm)  connibute  to  about 
10%  of  the  total  volume.  At  the  same  time,  about  30% 
of  the  total  volume  is  contributed  by  particles  accounting 
for  less  than  7.3%  of  the  total  counts  (d  >  30  mm).  The 
scenario  changes  as  one  proceeds  axially  along  the  jet  to 


Z/D  -  2400  (Figure  9b).  In  this  situation,  with  the 
particles  arranged  in  ascending  order  of  size,  the  first 
1300  of  the  total  number  of  particles  contribute  to  about 
1  %  of  the  total  volume  while  30%  of  the  total  volume  is 
contributed  by  the  last  1%  of  the  number  of  particles.  As 
one  progresses  to  a  location  in  the  lower  half  of  the  jet 
(Figure  9c),  the  number  of  particles  contributing  to  more 
than  30%  of  the  total  volume  decreases  further.  A  vast 
majority  of  the  particles  are  very  small  (eg.,  83%  of  the 
particles  are  less  than  23  pm  in  Figure  9c)  while  the 
range  is  quite  wide  (varying  from  1  to  70  pm).  A  very 
'  percentage  (1%)  make  a  much  larger  contribution 
total  volume.  In  this  respect,  the  CMD  is  a  good 
indicator  of  the  smaller  particles  in  the  jet  while  the 
VMD  is  a  better  measure  of  the  larger  particles.  Data  on 
both  CMD  and  VMD  are  required  for  modelling  transport 
of  water  droplets  in  reactor  containments,  where  aerosol 
mechanisms  such  as  thermophoresis  can  affect  primarily 
the  smaller  particles  while  gravity  will  influence  mainly 
the  larger  particles. 

4.  OBSERVATIONS 

The  following  observations  can  be  drawn  from  the 
present  set  of  results: 

1.  Visual  observations  indicate  that  for  the  given  nozzle 
configuration  and  experimental  conditions  (Pressure  -  4 
MPa,  Temperature  •  230°C),  the  flashing  jet  initially 
expands  in  a  near  hemispherical  fashion  followed  by  a 
linear  spreading. 

2.  The  axial  velocity  measurements  indicate  that  the 
velocity  decreases  with  increasing  distance  from  the 
nozzle.  The  radial  distribution  of  die  mean  velocity 
exhibits  a  typical  Gaussian  distribution  and  this  behaviour 
is  similar  to  that  noticed  in  single  phase  flows. 
Furthermore,  the  half-width  of  the  jet  indicates  that  the 
jet  grows  fairly  linearly  beyond  the  hemispherical 
expansion.  The  half-width  of  the  jet  appears  to  be  the 
proper  normalizing  variable. 

3.  The  values  of  the  mean  diameter  and  count  median 
diameter  along  the  jet  axis,  decrease  with  increasing 
distance  from  the  nozzle,  while,  the  VMD  increases  with 
increasing  distance  from  the  nozzle.  At  any  point  along 
the  jet  axis,  there  appears  to  be  a  greater  dispersion  in  the 
size  range  a:>  one  proceeds  from  the  mouth  of  the  nozzle. 
The  radial  distribution  of  particle  size  clearly  indicate  that 
particles  are  highly  polydisperse.  Represenutive 
diameters  like  the  count  median,  volume  median  and 
Sauter  mean  are  collectively  required  to  give  a  better 
description  of  the  size  distribution  and  provide  the 
necessary  data  for  modelling  of  droplet  transport  in 
reactor  containments.  The  influence  of  gravitational 
settling  along  the  vertical  downward  direction  is  clearly 
noticed  in  the  size  distribution. 
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NOMENCLATURE 

CMD  Count  median  diameter  ()im) 

D  Diameter  of  the  nozzle 

D„  nth  percentile  of  cumulative  volume  or  count 
d  Mean  diameter  (Count  mean,  )xm) 

dj  Diameter  of  ith  particle 

L  Throat  length  of  the  nozzle 

N  Sample  size 

R  Radial  location  (cm) 

s  Velocity  standard  deviation 

U  Mean  velocity  in  the  axial  direction  (m/s) 

Uj  Particle  velocity  in  the  axial  direction  (m/s) 

Ufi  Mean  velocity  along  the  axis  of  the  jet  (m/s) 
VMD  Volume  median  diameter  (pm) 

X  Coordinate  perpendicular  to  the  jet  axis  along 
the  horizontal 

Y  Coordinate  perpendicular  to  the  jet  axis  along 
the  vertical 

Z  Coordinate  along  the  jet  axis 

O  (Dij*/D|4^®'^ 

5  Half  width  of  the  jet  (Radial  location  where  U 
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Figure  la:  Schematic  of  experimental  set-up 
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Figure  2a:  Radial  distribution  of  mean  velocity 


Figure  4a:  Probability  density  distributions  of  velocity 


Figure  2b:  Axial  variation  of  jet  half-width 


Figure  4b:  Radial  distribution  of  Flatness  factor 
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I^ure  7b:  Radial  variation  of  Count  median  diameter 
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Figure  9a:  Cumulative  counts/volume  distribution  along 
the  axis  at  Z/D-800. 
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.Figure  8a:  Radial  variation  of  volume  median  diameter 
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Figure  9b:  v  imulative  counts/volume  distribution  along 

the  axis  at  2/D-2400  _ 
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Figure  8b:  Radial  variation  of  relative  span  factor 
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Figure  9c:  Cumulative  counts/volume  distribution  at  a 
lateral  location  at  Z/D-2400 
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ABSTRACT 

The  comparative  experimental  study  has 
been  performed  in  the  dilute  polyacrilamide 
solution  (PAM.300  w.ppm)  and  the  relevant  pure 
water  flow  in  a  180°  square  sectioned  duct  at  the 
same  volumetric  flow  rate.  The  results  of  the 
velocity  measurements  by  means  of  laser  Doppler 
anenxtmetry  shows  the  existence  of  a  stronger 
radial  flow  while  the  dilute  polyacrilamide  solution 
streams  through  the  curved  duct.  The  results  of 
pressure  and  velocity  measurements  shows  the 
consistency  that  the  stronger  radial  flow  is  caused 
by  the  lager  difference  of  the  radial  pressure 
between  the  inner  and  the  outer  wall  of  the  curved 
duct,  and.  therefore,  it  may  cause  more  pressure 
loss  in  the  curved  duct  than  the  relevant  pure 
water  flow. 

NOMENCLATURE 

V,  tangential  component  of  velocity 
V,  radial  component  of  velocity 
O  volumetric  flow  rate 
A  crosS'Sectional  area  of  square  duct 
volumetric  mean  velocity, Vj,»Q/A 
a  width  of  square  cross-section  of  duct 
r*  non-dimensional  co-ordinate  in  radial 

direction,r*=(r-r,)/a.  where  r,  is  the  radius  of 
the  inner  wall  of  the  curved  duct 
6  co-ordinate  in  tangential  direction 
z*  non-dimensional  co-ordinate  in  spanwise 
direction 

y*  non-dimensional  co-ordinate  in  vertical 
direction  in  straight  section,  y*=y/a 
Xh  non-dimensional  co-ordinate  in  horizontal 
direction  in  straight  section.  XH=x/(a/2) 
h  pressure  head 
g  acceleration  due  to  gravity 
w.ppm  weight  concentration,  1  w.ppm=1/10® 


Sun  Houjung 

Beijing  Institute  of  Civil  Engineerig 
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China 


1.  INTRODUCTION 

The  investigations  on  drag  reduction  in 
turbulent  flow  by  polymer  additives,  also  known  as 
"Toms  effect",  see  Toms  (1948),  and  the  other 
relevant  researches  have  been  carrying  out  for 
decades.  However,  a  drag  increase  was  observed 
by  Bamess  &  Watters  (1969)  when  the  dilute 
polymer  solution  streams  through  curved  pipes. 
This  phenomenon  recognised  as  a  paradoxical 
behaviour  to  the  well-known  fact  of  drag  reduction 
includes  two  aspects  as  follows:  (1)  drag  reduction 
occurs  in  the  laminar  (low,  while  the  dHute  polymer 
solution  passes  through  curved  pipe,  which 
normally  causes  drag  increment  in  straight  pipe 
flow;  (2)  drag  increment  occurs  in  the  relevant 
tuibulent  flow,  which  normally  causes  the  drag 
rechjction  in  straight  pipe  flow.  Ranade  and 
Ulbrecht  (1983)  measured  the  laminar  flow  by 
means  of  laser  Doppler  velocimetry  arxf  attrtouted 
the  drag  reduction  to  the  weaker  secoixJary  flow  in 
the  core  region  of  pipe  due  to  the  elastico-viscosity 
of  fluids  [3]. 

To  find  out  the  explanation  about  this  peculiar 
phenomerK>n,  a  range  of  measurements  including 
the  velocity  measurement  with  laser  Doppler 
velocimetry  have  been  completed  on  the  dilute 
polyacrilamide(PAM.300  w.ppm)  solution  flow  in  a 
180  degree  square  sectioned  bend.  The 
comparative  water  flow  measurements  were  also 
performed  at  the  same  Reynolds  number  (5.64  x 
10‘). 

2.  EXPERIMENTAL  APPARATUS 
2.1.  Polymer  solution  flow  rig 

Geometrically,  the  flow  rig  and  test  system  for 
the  present  study  was  as  identical  as  the  one 
described  by  Feng  Tong  et  al  (1990),  see 
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Fig.2.1,(a).  However,  for  the  purpose  of  polymer 
solution  study,  some  special  designs  and 
measures  have  been  made  to  prevent  the 
mechanical  degradation  of  the  polymer  solutions, 
which  includes  replacing  the  common  centrifugal 
pump  by  a  low  shear  pump  and  setting  up  the 
temperature  and  sample  monitoring  devices. 
During  the  lasting  Laser  Doppler  Anemometry 
measurements,  the  flow  rig  was  operated  in  the 
so-called  one-pass  way  by  injecting  the  higher 
concentration  polyacrilamide  solution  stored  in  a 
pressurised  container  though  the  stainless  steel 
nozzles  around  the  upstream  pipe  section,  see 
Fig.2.1.(a).  into  the  pure  water.  To  ensure  the 
polymer  solution  to  be  well  mixed  with  the  water,  a 
series  preliminary  tests  and  the  monitoring 
sampling  tests  have  been  performed  from  time  to 
time  during  the  test.  A  fluctuation  of  the  solution 
concentration  has  been  found  within  5%  of  the 
mean  value  range. 

The  bend  section  with  the  cross-section  of 
30x30  mm  and  the  mean  curvature  radius  of 
1 50mm  was  manufactured  as  a  mixture  of  perplex- 
glass  construction,  see  Fig.2.1.(b),  which  enables 
elimination  of  the  noises  caused  by  the  scratched 
transparent  walls  hence  enhanced  the  validation 
rate  of  optic-electric  signal  collection  for  the 
present  laser  Doppler  anomometry. 

2.2.  Laser  Doppler  Anomometery 

A  one-component  laser  Doppler  velocimetry 
system  (PDLDV-tOO,  Beijing  Institute  of 
Photographic  Machinery)  including  a  10  mW  He- 
Ne  laser  source  was  used  for  the  velocity 
measurement.  The  laser  Doppler  anemometer  was 
established  in  the  forward-scatter  alignment.  The 
incident  angle  of  the  laser  beam  is  7.r.  By  means 
of  rotating  the  principal  axis  of  optical  probe 
volume  ,  the  time-averaged  tangential  and  radial 
components  of  velocity  as  well  as  the  relevant 
mean  Reynolds  stress  components  are  possibly 
obtained  at  the  same  spatial  point  in  the  flow 
region,  as  deducted  by  Melling  &  Whitelaw  (1976). 
An  on-line  data  acquisition  system  which  consists 
of  a  counter  (JPS-2,  Beijing  Institute  of  Universal 
Technology)  and  a  personal  computer  was  applied 
for  data  collection  and  analysis.  The  laser  Dozier 
anemometer  was  mounted  on  a  three-dimensional 
mechanism  to  reach  the  measuring  positions  in  the 
flow  region. 

2.3.  Pressure  and  rheological  measurements 

The  pressure  measurement  was  performed 


usir^  an  inclined  manometer  A  nurr^r  of 
pressure  taping  holes  were  established  along  both 
the  inner  and  the  outer  wall  of  the  curved  bend  in 
order  to  acquire  the  detailed  information  about  the 
static  pressure  distribution. 

According  to  the  non-Newtonian  property  of 
the  pxslyacrilamide  solution,  the  tow  shear  rate 
rotating  viscometer  (Low-Shear  30,  Contraves 
Industrial  Products  Ltd.  West  Germany)  and  the 
gun  rheometer  (Deimos  Ltd,  Britain)  were  chosen 
to  cope  with  the  determination  of  the  rheological 
coefficients  of  the  polyacrilamide  solution.  The 
details  has  been  given  in  the  further  section. 

The  strict  measures  such  as  temperature 
control  and  sample  detection  were  undertaken 
through  the  test  to  ensure  the  consistency  of  the 
experimental  conditions. 
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Figure  2.1 .  Polymer  Solution  Flow  Rig  and  Coordinate  system 
3.  EXPERIMENTAL  RESULTS 
3.1.  Results  of  pressure  measurement 

As  above  mentioned,  the  pressure 
measurements  were  carried  out  along  the  whole 
length  of  the  straight  and  curved  section  for  the 
pure  water  and  the  polyacrilamide  solution  flow. 
Comparing  to  the  pure  water  flow  with  almost  the 
same  volumetric  flow  rate  (0=1.692  I/s),  the 
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polyacntamide  solutKsn  with  the  weight  specific 
concentration  of  300  w.ppm  gained  the  drag 
reduction  rate  of  40%  along  both  the  upstream  and 
the  further  downstream  section.  This  observation 
conforms  the  drag  reduction  effect  in  the  turbulent 
flow  through  the  straight  pipe.  However,  by  means 
of  the  definition  of  the  pressure  loss  suggested  by 
Ito  (1959.1960).  the  pressure  loss  has  calculated 
for  both  the  pure  water  and  the  polyacrilamide 
solution  flow  through  the  curved  berid.  The  results 
turned  out  that  the  pressure  loss  for  the 
polyarilamide  is  greater  than  the  relevant  pure 
water  one  by  17.6%.  as  shown  in  Fig.3.l.(a). 

Figure  3.l  .(b)  illustrates  the  local  details  of 
the  non-dimensional  pressure  distribution  along  the 
curved  bend.  By  matching  the  non-dimensional 
value  of  pressure  head  (2gh/v^)  at  station  (8>20'‘) 
on  the  convex  wall  together,  the  radial  pressure 
difference  between  the  inner  and  the  outer  waH 
can  be  clearly  specified.  For  the  polyacrilamide 
solution  flow,  the  radial  pressure  differences  at  all 
stations  in  the  curved  bend  are  nrtore  or  less 
greater  the  one  of  the  pure  water,  especially  the 
maximum  one  at  station  (6=160°)  is  greater  than 
the  relevant  value  of  pure  water  flow  by  13%.  etc. 
Considering  the  secortdary  flow  in  cunred  ducts  is 
significantly  driven  by  the  radial  pressure 
difference,  see  Humphrey  et  al  (1977.1981),  this 
deviation  of  the  radial  pressure  difference  may 
impact  some  influence  on  the 
flow  in  curved  bend.  The  details  will  be  discussed 
in  the  further  section. 

3.2.  Results  of  rheological  measurements 

In  the  present  investigation,  a  commercially 
available  polyacrilamide  powder  was  chosen  as 
the  drag  reduction  agent.  This  product  supplied  by 
Shanghai  Factory  of  Polylamide  has  been  used  by 
previous  investigators  for  the  purpose  of  drag 
reduction  research,  see  Zhao  et  al  (1979). 

The  rheological  measurements  were 
performed  after  the  polyacrilamide  powders  had 
well  resolved  into  the  water  solvent.  The  results 
revealed  the  polyacrilamide  solution  is  bound  to  be 
classified  as  a  power-taw  typed  fluid,  as  shown  as 
in  figure  3.  and  has  the  shear-thinning  property 
within  a  certain  range  of  shear  rate  ( 4  <  y  <  100  s 
'  ).  However,  as  the  shear  rate  increases  further, 
the  solution  converts  to  a  Newtonian  fluid  again  but 
with  a  reduced  constant  viscosity. 

According  to  the  theory  of  rheology 
(Chu,1988).  for  the  dilute  water-polymer  solution, 
the  relationship  between  shear  viscosity  p  and 
shear  rate  y  can  be  described  in  the  universal  form 


of  Cole  law  in  both  the  low  and  high  shear  rate 
region  as  below 


4=4.+{M-Mj(1+(XYn’  (1) 


where  X  is  the  maximum  relax  time  which  can  be 
used  as  a  factor  to  estimate  the  visco-elastic 
property  of  the  polymer  sokilion  For  the 
polyacrilamide  solution  used  in  this  study,  the 
formula  has  been  deducted  based  on  the  test  data 
as  follows 


^=1.85-f9.72(U(0.013y)O®®)’  (2) 

where  the  unit  of  p  and  y  are  mPasec  and  sec  ’, 
respectively. 

Based  on  the  tests,  the  conclusion  can  be 
drawn  that  the  polyacrilamide  solution  used  in  the 
present  study  is  a  shear  thinning  visco-elastic  fluid. 
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Figure  3.1  .(a)&(b)  Pressure  Distribution  along  the  Duct 


Figure  3.2.  Shear  Viscosity  vs  Shear  Rata  ( PAM  solution  300  w.pptn) 
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3.3.  Results  of  velocity  measurements 

According  to  the  symmetry  of  the  geometric 
configuration  of  the  duct,  velocity  measurements 
were  merely  performed  within  the  right-harxj  half  of 
the  duct  cross-section  at  the  following  stations; 
X„-15.  0  =0“.  45“.  90°.  135°.  180°.  X„*30  and 
Xh=50.  As  well  known,  the  flow  in  curved  duct  and 
even  in  square  sectioned  duct  prevails  the 
apparent  three-dimensional  characteristics.  A  great 
amount  of  attention  has  given  by  the  present 
authors  to  this  complex  behaviour.  Therefore,  the 
velocity  measurement  results  are  demonstrated  in 
two  parts  as  bellow. 

(i)  tangential  components  of  velocity 

The  development  of  tangential  or  main 
component  of  velocity  has  been  shown  in  figure  4. 
At  the  entry  of  the  180  degree  bend,  the  velocity 
profile  of  polyacrilamide  solution  flow  seems  more 
pointed  than  the  one  of  water  flow  over  the  whole 
region  of  duct,  see  the  profiles  of  the  tangential 
components  of  velocity  (V,/Vt,)  at  the  station  of 
X„— 15.  However,  at  the  station  of  (0«4S°),  the 
inner  part  of  velocity  profile  of  polyacrilamide 
solution  flow  is  relatively  plumper,  after  the  station 
of  (0-90°).  the  outer  part  has  been  more  pointed 
than  the  one  of  water  flow.  This  implies  that,  in 
polyacrilamide  solution  flow,  there  exists  a  stronger 
radial  mass  and  momentum  transfer  from  the  inner 
to  the  outer  side  of  the  curved  duct. 

(ii)  radial  components  of  velocity 

The  devel^ment  of  the  radial  components  of 
velocity  as  shown  in  figure  5  supports  the  above 
mentioned  facts  with  the  details  of  the 
development  of  radial  flow  along  the  curved  duct. 
Again,  at  the  entry  of  the  curved  duct,  the  radial 
flow  of  polyacrilamide  solution  is  slightly  weaker 
than  the  one  of  water  flow.  At  the  station  of  (6 
-45°),  an  obvious  stronger  radial  flow  has  been 
found  in  the  polyacrilamide  solution  flow,  which 
results  in  the  more  apparent  shift  of  its  tangential 
velocity  profile  from  the  inner  side  to  the  outer 
side,  so  called  "over  shooting",  which  occurs  in  the 
section  between  the  station  of  (9=45°)  and  the 
station  of  0=90°  After  the  station  of  (9=45°),  the 
radial  flow  of  polyarilamide  solution  keeps 
exceeding  the  one  of  water  flow  even  in  the  core 
region  of  the  duct  and  then  keeps  this  trend  along 
the  rest  of  the  duct  sections.  In  the  entire  cun/ed 
section,  a  stronger  radial  flow  at  the  most 
measurement  stations  has  been  observed  in  the 
polyacrilamide  solution  flow. 

The  results  of  velocity  measurements 


irxlicates  the  consistency  with  the  results  ot  the 
pressure  measurement,  as  the  driven  force  of  the 
secondary  circulation  in  the  curved  chiCt  is 
attributed  to  the  pressure  difference  between  the 
inner  and  the  outer  wall  of  the  duct 
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4.  CONCLUSIONS 

A  range  of  detailed  measurements  have  been 
performed  on  the  polyacrilamide  solution  (300 
w.ppm)  and  the  relevant  water  flow  at  the  same 
Reynolds  number  of  5.64x10“. 

The  tangential  and  radial  components  of 
velocity  of  the  dilute  polymer  solution  flow  have 
been  obtained  and  compared  with  the  ones  of 
water  flow.  The  stronger  radial  flow  in  the  curved 
duct  suggests  the  existence  of  the  more  intensive 
mass  and  momentum  exchange  in  the  polymer 
solution  flow. 

According  to  the  elastico-viscosity  of  the  fluid, 
the  stronger  secondary  flow  in  the  polyacrilamide 
solution  flow  may  cause  more  pressure  loss  in  the 
curved  duct. 

REFERENCES 

Toms.B.A.(1948)  Proc.lsl  Int.Rheol.Congr. 


(Holland) 

Barness.H.A  &  Walters.K  (1969) 

Proc.Roy.Sci. London.  A314,  pp  85-109 

Ranade.V.R.  &  Ulbrecht.j  J  (1983) 

Chem. Eng. Common.  Vol.20.  pp.253-72 

Feng  Tong,  Sun  Houjung  &  Qian  Weichang  (1990) 
Study  on  Characteristics  of  Turbulent  Flow  in 
a  180  Degree  Square  Sectioned  Bend.  Proc.Sth 
International  Symposium  on  Applications  of  Laser 
Techniques  to  Fluid  Mechanics,  Lisbon,  Portugal 

Melling.A.  &  Whitelaw.J  H  (1976)  J  Fluid  Mech. 
Vol.78 

lto.H.(1959)  J. Basic  Engn  Trans  ASME.  June, 

pp.  123-34 

lto.H.(1960)  J. Basic  Engn  Trans  ASME.  March. 

pp.131-43 

Humphrey.J.A.C..  Taylor, AM. K.  & 

Whitelaw,J.H.(1977)J.FIuid  Mech.  vol.83.  pp,509- 
27 

Humphrey.J.A.C.,  Whitelaw.J. H.  &  Lee.G.J.(1981) 
J. Fluid  Mech.  vol.103,  pp.443-63 

Zhao.X.,  Zhong.S.,  Shen.C.  &  Xiu.G.(1979) 

Proc.  2nd  National  Conference  on  Fluid 
Mechanics, 

pp.258-61,  Nanjing.China 

Chu,Z.(l988)  Polymer  Structual  Rheology, 
Sichuan  Press  of  Education  (Chinese  edition) 


28.1.6. 


FLOW  STRUCTURE  IN  MEANDERING  COMPOUND  CHANNEL  FOR  OVERBANK 


K.  Shiono*,  Y.  Muto**,  H.  Imainoto**  rnd  T.  Ishigaki** 


*  Depaitment  of  Civil  Engineering.  Loughborough  University  of  Technology.  UK 
••  OPRI.  Kyoto  University.  Japan 


abstract 

Measurements  of  secondary  flow  are  very  difficult  in  a 
laboratory  scale  since  ihe  magnitude  of  secondary  flows 
are  sometimes  very  vmall  compared  with  the  streamwise 
velocity.  In  recent  years  a  laser  doppler  anemometer 
system  has  been  improved  rapidly  and  made  it  possible  to 
meuure  accurate  velocity  components  in  a  laboratory 
scale.  Measurements  of  secondary  flow  and  the  Reynolds 
susses  have  been  taken  place  in  a  meandering  compound 
channel  for  an  overbank  flow  condition  using  a  two 
component  laser  doppler  anemometer  system  with  a  small 
probe  bead.  Fluctuations  of  the  streamwise,  lateral  and 
vertical  components  of  velocity  were  measured  by  placing 
Ute  bead  above  water  surface  and  submerging  the  probe  head 
in  water.  The  structure  of  the  secondary  flow  and  the 
Reynolds  stresses  along  the  meandering  channel  for  the 
overbank  flow  conditions  was  obtained.  Results  show 
development  of  the  secondary  flow  and  locations  of 
intensive  Reynolds  stresses  along  the  meandering  channel. 


1.  INTRODUCTION 

^*'^®**  ofi®n  have  a  straight  flood  plain  bank  with  a 
straight  main  channel  and  a  meandering  flood  plain  bank 
with  a  meandering  main  channel  in  order  to  discharge  water 
on  to  flood  plains  at  a  time  of  high  discharge.  The 
prediction  of  water  level  at  such  high  discharge  is  vitally 
important  for  flood  alleviation  schemes.  The  relationship 
between  the  water  level  and  discharge  is  influenced  by  the 
structure  of  secondary  flow  and  turbulence.  A  study  of  flow 
in  a  straight  channel  with  straight  flood  plain  banks  has 
been  undertaken  recenUy  by  Knight  and  Shiono(1990)  and 
Shiono  and  Knight  (1991)  .  They  have  measured  secondary 
flows  and  turbulence  in  a  relatively  large  physical  model, 
namely  the  Science  Engineering  Research  Council  Flood 
Channel  Facility  (SERC-FCF).  using  a  two  component 
laser  doppler  anemometer  system  with  a  small  probe  head. 
The  results  showed  that  the  flow  resistance  was  greatly 
influenced  by  the  secondary  flow  even  the  straight  channel. 

Meandering  flood  plain  banks  arc  commonly 
constructed  along  a  meandering  channel  and  the  sttuciuie  of 
secondary  flow  and  turbulence  is  not  well  known  along  a 
meandering  compound  channel  for  an  overbank  flow 
condition.  The  recent  study  for  a  meandering  channel  was 
undertaken  by  Willettes  and  Mardwich  (1993).  They 


illustrated  the  secondary  flow  structure  using  a  dye  tracing 
technique  and  flow  cuireni  meters.  However  the  magnitude 
of  the  secondary  flow  and  the  Reynolds  stresses  were  not 
measured.  It  is  important  to  know  the  magnitudes  of  the 
secondary  flow  and  turbulence  levels  in  order  to  improve 
the  relationship  between  the  flow  resistance  and  discharge 
for  the  overbank  flow  conditions. 

This  paper  describes  the  measurement  techniques  and 
some  results  of  the  secondary  flow  and  turbulence  in  a 
meandering  compound  channel. 


Figure  1  ConfiguraUon  of  meandering  channel 


2.  EXPERIMENTAL  APPARATUS 

Five  meanders  were  constructed  in  a  flume  of  1 .2  m 
wide.  350  mm  deep  and  9.2  m  long  A  valley  bed  slope  was 
ret  as  1/1000  and  the  dimensions  of  one  meander  were  as 
follows  ;  bed  width  150  mm.  flood  plain  height  53  mm  and 
bed  I  Jdius  425  mm  with  a  vertical  main  channel  wall,  cross¬ 
over  length  380  mm.  meander  wave  length  924  mm  and  a 
cross-over  angle  of  60  degree.  Flood  plain  banks  were 
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constructed  parallel  along  the  meandering  channel  with  a 
flood  plain  width  of  100  nun  and  a  flood  plain  bank  slope 
of  1:1  (  see  Fig.  1).  In  the  Five  multiple  meanders,  a  h^f 
meander  wave  length  of  the  4tb  meander  section  was  used  as 
a  test  section  and  was  divided  into  13  cross  sections  of 
which  the  turbulent  measurements  were  undertaken  at  the  7 
cross  sections. 

The  turbulent  measurements  were  undertaken  using  a 
2-component  LDA  system  with  a  computer  controlled 
automatic  traverser  system.  A  TSI  2-component  LDA 
system  was  operated  in  a  back  scaner  mode  with  10  m  long 
fibre  optic  cable  connecting  the  laser  and  signal 


processing  system  to  a  15  mm  diameter  submergible 
measurement  probe  bead.  Data  was  collected  for  60  seconds 
or  120  seconds  depending  on  the  location  of  measurement 
with  an  average  data  rate  of  100  Hz.  Silver  powder  of  mean 
diameter  size  of  SQum  was  used  as  a  seeding  agent  The 
vertical  and  longitudinal  components  of  velocity  were 
measured  by  submerging  the  probe  bead  mounted  on  a 
cylindrical  tube  of  a  20  mm  diameter  with  a  45  degree  angle 
mirror.  The  lateral  and  longitudinal  components  of 
velocity  were  measured  by  setting  the  probe  bead  above  the 
water  surface  (see  Fig. 2). 


Fibre  optic  cable 


Mainchaimc) 


Figure  2  Diagram  of  setting  instruments. 


3.  MEAN  FLOW  CHARACTERISTICS 

The  depth  of  water  varies  from  a  bankfuU  level  to  an 
overbank  level.  For  the  overbank  case  a  represented 
notation  of  water  depth  is  expressed  as  a  relative  depth  . 
Dr=(H-b)/H,  where  H  and  h  are  water  depth  at  the  main 
channel  and  the  flood  plain  height  respectively.  There  have 
been  a  number  of  studies  on  meandering  channels  for 
inbank  flow  conditions  (  e.g.  Ikeda  and  Parker  (1989)). 
However  turbulence  measurements  have  not  been 
undertaken  since  an  instrument  was  not  available  to 
measure  the  secondary  flow  and  turbulence  in  a  meandering 
channel. 

The  mean  flow  structure  in  the  meandering  channel  for 
the  bankfull  flow  condition  is  briefly  described  as  follows  : 
The  depth  mean  velocity  distribution  along  the  meandering 
channel  for  the  bankfull  condition.  Dr=0.0.  is  shown  in 
Fig.  3.  The  maximum  velocity  appears  to  be  located  near 
the  left  band  side  of  the  main  channel,  and  the  velocity 


decreases  transversely  at  the  bend  apex  (  section  1  in  Fig. 
3).  As  flow  goes  downstream,  the  position  of  the  maximum 
velocity  follows  the  shortest  length  of  the  water  course, 
which  is  different  from  that  of  curved  natural  rivers  (  nor¬ 
mally  faster  flow  in  the  right  band  side  of  the  main 
channel).  Change  of  high  momentum  flow  towards  the 
concave  bank  side  is  not  completed  before  that  bank 
becomes  the  convex  one,  owing  to  the  fixed  flat  bed  which 
prevents  developing  the  secondary  flow  due  to  the  bend. 

For  the  overbank  conditions.  It  can  be  seen  from 
Figs.  4  that  the  water  on  the  left  flood  plain  at  the  bend 
apex  tends  to  flow  into  the  main  channel  with  some  angle, 
lliis  is  created  by  the  inertia  of  flow  parallel  along  the 
cross-over  on  the  right  flood  plain.  There  can  be  observed  a 
horizontal  circulation  on  the  left  flood  plain  just  after  the 
bend  apex.  This  circulation  creates  a  stagnation  area  in 
which  deposits  sediment  or  traps  pollutant. 
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Figuie  3  Depth  average  velocity  for  Dr=0.0 
(bankfull). 


4.  STRUCTURE  OF  SECONDARY  FLOW 

The  measurements  of  the  secondary  flow  in  the 
meandering  channel  for  bankfull  and  overbank  flow 
conditions  were  undertaken  by  a  two  component  LDA 
system.  The  secondary  flows  were  expressed  as  a  vector 
form  in  Figs.5  and  6  for  the  bankfull,  Dr=0.0,  Dr=0.1S  and 
Dr=O.S.  It  can  be  seen  from  Fig.  S  that  the  clockwise 
circulation  of  secondary  flow  at  section  1  occurs  stronger  at 
the  left  bank  side  rather  than  at  the  right  bank  side  for  the 
bankfull  flow  case.  There  exists  anti-clockwise  circulation 
on  the  right  bank  side.  This  circulation  remains  along  the 
meandering  channel  which  may  prevent  to  develo(Hnent  of 
circulation  due  to  the  centrifugal  effect  of  the  bend.  The 
structure  of  the  secondary  flow  in  the  model  differs  from 
that  of  natural  rivers. 

For  the  overbank  conditions,  the  secondary  flow  cells 
at  section  1  in  Fig.  6  separate  into  three  parts  :  two  parts 
are  in  a  clockwise  direction  below  the  bankfull  level  in  the 
main  channel.  An  anti-clockwise  cell  occupies  above  the 
bankfull  level.  The  clockwise  cell  near  the  left  bank  below 
the  bankfull  level  can  be  generated  by  the  flood  plain  flow 
rolling  over  the  main  channel  flow.  The  clockwise  cell 
near  the  right  hand  bank  can  be  due  to  the  cross  flow 
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Figure  4  Depth  average  velocity  for  Dr=0.5 
(overbank). 


deflecting  to  tbe  right  hand  main  channel  wall.  A 
clockwise  circulation  forms  above  tbe  bankfull  level 
between  sections  9  and  11  in  the  main  channel,  which 
remains  up  to  tbe  next  section  3  as  an  anti-clockwise 
circulation.  This  cell  is  against  tbe  flood  flow  entering  into 
tbe  main  channel  and  then  creates  a  plunge  flow  at  tbe 
meeting  place.  There  is  clearly  indicating  tbe  main  channel 
flow  at  sections  3.  S  and  7  overflowing  onto  tbe  left  flood 
plain.  Tbe  flood  plain  flow  enters  into  tbe  main  channel  at 
section  9  for  Dr^.lS.  For  tbe  deeper  case,  Dr=O.S,  these 
phenomena  are  pushed  further  downstream. 


5.  STRUCTURE  OF  REYNOLDS  STRESSES 

The  Reynolds  stresses  were  calculated  from  a  cross 
product  of  turbulent  fluctuations  using  tbe  raw  data,  and  tbe 
Reynolds  stresses  normalised  by  the  shear  velocity 

U,'  =  pgRSff  at  section  1.  where  p  =  density  of  water,  g  = 
gravitational  acceleration  .  R  =  Hydraulic  radius  and  Sq  = 
bed  slope,  were  plotted  on  Figs.  7.  8  and  9.  For  the 

bankfull  condition,  tbe  value  of  ~uw/  seems  to  vary 
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Uneuly  {rom  the  bed  to  the  position  of  the  maximum 
velocity,  about  1/3  of  water  depth,  in  which  the  bed 
generated  turbulence  is  dominant.  The  bed  shear  stress 
obtained  from  the  Preston  tube  was  compared  with  that 
obtained  using  logarithmic  velocity  profiles  near  the  bed  . 
These  were  good  agreement.  For  the  overbank  conditions, 
the  distribution  of  the  shear  stress  near  the  bed  has  similar 
trend  as  the  bankfull  condition.  The  negative  value  of 


Figure  6  Structure  of  secondary  flows  along 
meandering  channel  for  Dr=0.  5. 


—uwl  for  the  bankfull  condition  is  distributed  above 

the  zero  of  —uw!  uj'  and  the  maximum  magnitude  is  the 
same  order  as  the  positive  maximum  value  in  some  cross 
sections  but  most  cases  are  smaller.  These  areas  are 
strongly  connected  to  the  secondary  circulation  areas.  For 
the  overbank  condition.  Dr=0.1S,  at  section  3  the  negative 

magnitude  of  —Uw!  U,~  i%  two  times  bigger  than  the  bed 
shear  stress  near  the  bankfull  level  although  the  velocity 
gradient  is  relatively  small  compared  with  that  near  the 
bed.  This  phenomenon  is  also  observed  at  Dr=O.S. 
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Figure  7  The  Reynolds  stress.  —UW  /  U.^,  along 
meandering  channel  for  Df=0.0. 


The  large  value  of  ~uvl  U,  for  the  bankfull 
condition  occurs  near  water  surface  along  the  meandering 
channel.  For  the  overbank  conditions,  there  have 
consistently  large  values  at  the  place  where  the  large 

values  of  —uwlu.^  exist  although  the  value  of 

BU  I  By  is  relatively  small  compared  with  that  near  the 
main  channel  wail.  There  is  an  existence  ofhigh 
turbulence  level  along  the  left  side  of  the  edge  of  the  main 
channel.  This  region  is  the  boundary  between  the 
horizontal  circulation  on  the  left  flood  plain  and  the  main 
channel  flow.  It  is  noted  that  the  zero  value  is  not 

corresponding  to  the  region  of  BU  I  By  =0  and  shifted 
slightly  to  the  left  side  of  the  region.  The  reason  why  this 
happened  is  not  known. 

6.  CONCLUSIONS 

Measurements  of  secondary  flow  and  Reynolds 
stresses  in  a  meandering  compound  channel  were 
undertaken  using  a  2 -component  laser  doppler  anemometer 
system.  The  measurements  of  the  lateral  and  vertical 
components  of  velocity  were  carried  out  successfully  by 
placing  the  small  probe  bead  above  water  surface  and  by 
submerging  the  head  in  water  respectively.  The  structure  of 
the  secondary  flow  and  the  Reynolds  stresses  were 
obtained.  Development  of  the  secondary  flow  along  the 
meandering  compound  channel  for  overbank  flow 
conditions  was  observed  and  the  region  of  intensive 
turbulence  was  identified. 
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ABSTRACT 

This  paper  describes  the  use  of  LOA  in  the 
investigation  of  tijrbulent  flow  through  a  U-bend  that 
rotates  in  orthogonal  moda.  A  stationary  2-channei 
fibre  optic  probe  is  employed  to  collect 
instantaneous  flow  measurements  from  the  rotating 
test  section.  The  flow  Reynolds  number  is  1 00,000, 
and  the  U-bend  curvature  ratio  is  0.65.  Throe 
eases  have  been  examined:  flow  through  a 
stationary  U-bend,  flow  through  a  U-bend  rotating 
positively  (the  trailing  side  coinciding  with  the  bend 
outer  side)  at  a  rotation  number  (Ro  ■  CIDIUJ  of 
<^.2,  and  rotation  at  a  rotation  number  of -0.2.  The 
resulting  measurements  produce  a  detailed 
mapping  of  the  mean  and  fluctuating  flow  fields, 
from  which  the  effects  of  strong  curvature  and 
rotation  on  the  flow  development  can  bo 
understood. 


1  INTRODUCTION 

Plow  development  within  rotating  U-bands  of  strong 
curvature  is  of  great  interest  to  gas-turbine 
designers  because  of  its  relevanoe  to  blade  cooling. 
In  modem  gas-turbines,  serpentine  passages 
traverse  the  inside  of  the  blade.  In  an  attempt  to 
predict  the  heat  trartsfer  within  those  passages 
numerical  procedures  have  been  developed  (Bo  et 
al  1991,  Bo  et  al  1994),  but  it  is  essential  to  ensure 
that  these  solvers  are  able  to  produce  reliable 
results  so  as  to  avoid  potantiaHy  costly  mistakes  at 
the  design  stage.  Numerical  modellers  therefore 
need  to  know  how  together  rotation,  strong 
curvature  and  saoondary  flow  influence  the 
development  of  the  mean  and  the  turbulent  fluid 
motion  in  a  three  dimensional  flow. 

Most  studies  of  Made  cooling  flows  have  so  far 


been  aoiely  concerned  with  heat-transfer 
measurements  (Ouidez  1988,  Wagner  et  al  1989). 
Moreover,  because  in  previous  investigations, 
experimantal  models  had  to  be  of  a  relatively  small 
size,  most  of  the  available  data  on  rotating  passage 
flows,  involve  only  averaged  values.  The  present 
work  produces  detaBed  flow-field  data,  by 
developing  an  experimental  apparatus  that  is  able 
to  provide  LOA  mappings  of  tha  mean  and  tha 
fluctuating  motions  h  a  U-bend  of  square  cross- 
section  that  rotates  orthogonally  around  an  axis 
parallel  to  the  axis  of  curvature.  The  main  objective 
is  to  produce  flow  measurements  suitable  for  CFD 
code  validation,  over  a  range  of  Reynolds  and 
rotational  numbers  that  are  typical  of  engine 
operating  conditions.  The  paper  describes  the 
experimental  apparatus,  the  instrumentation  and  the 
data  processing  system  that  enable  the  coliection  of 
rotating  flow  data  from  a  stationary  probe  and 
presents  a  representative  selection  of  the  resulting 
measurements.  A  fuller  presentation  of  the 
experimental  data  is  simultaneously  reported  in 
Cheah  et  al  (1994). 

2  EXPERIMENTAL  APPARATUS 

In  order  to  be  able  to  resolve  the  flow  field  in 
sufficient  detail,  a  reasonably  large  scale  rig  was 
necessary.  As  a  resuK,  rotational  ^)eeds  could  be 
kept  at  modest  levels  thus  avoiding  problems  due  to 
mechanical  stresses.  To  reproduce  engine 
conditions  at  modest  rotational  speeds,  water  was 
chosen  as  the  working  fluid  because  of  its  low 
khematic  viscosity.  The  tost  rig  consists  of  a 
motor-driven  turntable  mounted  in  a  1.22  m 
diametor  water  tank.  A  U-bend  of  SOmm  square 
cross-section  and  of  eunrature  ratio  RcfD  -  0.65, 
ahown  in  Figures  1(a)  and  1(b),  is  mounted  on  the 
turntable  with  the  eunrature  axis  of  the  duct  parallel 
to  tha  axis  of  rotation.  Flow  is  fed  to  the  duct 
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Figure  1  Experimental  Apparatus 


through  a  passage  that  is  buHt  into  the  rotating 
turntable,  as  shown  In  Figure  1(b);  the  outflow  is 
Into  the  open  water  tank.  The  test  section  is  made 
of  10mm  thick  perspex  for  optical  access.  The  rotor 
turntable  can  be  driven  at  any  spaed  up  to  250  tpm 
in  either  direction.  The  water  votuntetric  flow  rate  is 
monitored  wHh  an  orifioe<plals  arrangement  Atthe 
entrance  to  the  test  section,  a  combination  of  fine 
wire  meshes  and  a  honeycomb  section  ensure  that 
at  a  station  live  diarrtetsrs  upstream  of  the  bend  the 
flow  is  uniform  and  symrrtetric. 

2.1  DATA  ACQUISITION 

The  LDA  system  employed  was  a  TSI  two-channel, 
four-beam,  fibre-optic  probe  system  with  frequency 
shifting  on  both  the  blue  and  green  channels.  A 
4-watt  Argon-ion  laser  was  used  to  power  the 
system  and  two  counter  prooassors(TSI  1980B) 
were  used  for  signal  vatidation.  Subsequent  data 
processing  was  done  through  a  Zech  data 
acquisition  card  on  an  Opus  PC. 

Flow  measurements  wHhin  the  rotating  U  bend  were 
made  with  a  two  channel  10  m  long  fibre-optic 
cable  and  probe.  The  probe  was  damped  into  tv 
stationary  X-Y-Z  traversing  unit  mounted  directly 
above  the  U-bend.  With  this  arrangement 
reasurements  could  be  made  with  the  probe  set  at 
a  fixed  radius  (with  the  bend  rotating)  or  the  probe 
could  be  traversed  to  collect  data  for  flow  in  a 
stationary  bend.  In  the  case  of  the  rotating  U-bend 
the  data  were  collectod  as  the  duct  swept  past  the 
stationary  laser  beams,  as  shown  diagrammatically 
in  Figure  2,  with  the  laser  beams  entering  the 
workkig  section  of  the  U-bend  through  the  top  wall. 
The  height  of  tiie  measuring  volume  above  the 
bottom  wall  was  determined  by  establishing  the 
Intersection  of  the  laser  beams  on  the  bottom  wall 
as  the  reference  point  and  then  monitoring  the 
height  by  which  the  probe  was  raised.  As  the 
probe  is  raised  by  1  mm  in  air  the  measuring 
volume  is  raised  by  1.33  mm.  in  water.  The  radial 
position  of  the  probe  measuring  volume  was 
determinod  from  the  radial  location  of  the  traversing 
unit  The  laser  measuring  volume  within  the  U- 
bend  passage  has  a  diameter  of  approximately  91 
pm  and  a  length  of  1.8  mm  these  being  average 
dimensions  for  the  two  colours.  The  angular 
position  of  the  bend  was  recorded  with  each 
measurement 

For  the  stationary  case  the  traversing  unit  was 
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alignad  with  a  radial  Una  drawn  from  tha  axis  of 
rotation  to  tha  band  axis,  shown  as  Una  0-02  in  Fig 
2.  Travarsas  wara  ntada  across  tha  straight 
passagas  with  tha  proba  maaauitng  tha  straamwisa 
and  fransvarsa  valoeitias  within  tha  passagas. 
Whan  radial  bavarsas  wara  mada  within  tha  band 
tha  oriantation  of  tha  proba  raiativa  to  tha  travarsing 
unit  ramainad  unchangad.  Usa  of  this  mathod 
ansurad  that  tha  iasar  proba  ramainad  undisturbad. 
Maan  and  rms  quantitias  wara  datarminad  from  at 
laast  2000  instantanaous  valocity  maasuramants  at 
aach  maasuring  point  along  tha  travarsa  Una. 

Tha  two  orthogonal  valocity  maasuramants  wara 
obtainad  with  tha  blua  (488E*9m)  and  graan 
(514.5E-9m)  channais  with  a  ooinddanoa  Uma 
window  sat  at  20  ps  for  signal  validation.  Tha  Iasar 
signals  wara  filtarad  batwaan  high-  and  low-pass 
filtars.  Comparison  batwaan  tha  pariodic  Uma 
avaragad  ovar  S  cydas  to  that  avaragad  ovar  8 
cydas  was  sat  so  that  only  signals  having  pariodic 
timas  diffaring  by  lass  than  1%  wara  validated. 
Each  validatsd  maasursmant,  according  to  Ms 
dreumfarantial  location,  was  stored  in  a 
corrasponding  angular  sagmant  bin  in  tha  form  of  a 
summed  value.  Each  angular  sagmant  bin 
contained  tha  accumulatsd  sums  of  tha  maasurad 
instantaneous  values  d  valodfy  and  aH  valo^ 
gipmanto  up  to  thbd^ar  i.a.  Oj, 

and  togathar  with  the  numbw  of 
data  points  accumulated  in  that  particular  bin.  For 
ovary  1000  data  records  oollactod,  tha  acquisition 
program  performed  a  statistical  calculation  based 
on  all  the  coUactsd  data  and  calcuiatad  tha  maan 
valodty  components,  Reynolds  strassas  and  tripio 
corrolations.  This  mathod  ansurad  that  storage 
roquiremants  ware  held  within  finito  bounds.  Tha 
number  of  maasuramants  recorded  along  aach 
travarsing  drda  during  tha  rotating  flow  travarsas 
was  batwaan  60000  and  100000,  which  meant  that 
several  hundred  maasuramants  wara  aocumulatad 
in  aach  bin. 

Seeding  raquiramants  wara  datarminad  during  an 
aartiar  study,  using  tha  same  basic  rig,  of  flow  in  a 
rotor-stator  cavity,  Chaah  at  al  (1992).  It  was  found 
that  tha  natural  seeding  matarial  within  tha  dosad- 
ioop  water  circuit  produced  a  too  low  data 
acquisition  rats.  Normal  hard  partida  seeding  in  tha 
circuit  was  considarad  to  be  inappropriata  as  this 
could  have  caused  damage  to  tha  large  diamatar 
seals  that  had  bean  used  in  tha  construction  of  tha 
tumtabla.  Tha  introduction  of  cornflour  caused  a 


dramatic  Improvamant  in  tha  signai-to-noiaa  ratio. 
Tha  spadfic  gravity  of  cornflour  is  about  1 .3  and  tha 
maasurad  diamatsrs  of  tha  partidas  wara  in  tha 
range  of  15-25  pm.  Only  small  amounts  wars  added 
so  as  to  ensure  as  far  as  possibla  that  thars  was 
only  one  partida  in  tha  maasurbtg  volume  at  any 
time.  A  more  dataUad  account  of  tiia  comparisons 
batwaan  the  seeded  and  unsaadad  maasuramants 
can  be  found  in  Chaah  at  ai  (1992)  and  Ji  (1994). 

Tha  angular  location  of  tha  rotating  U-band  was 
obtainad  from  a  haif-dogroa  incramantai  encoder 
attached  to  tha  motor  drive  shaft.  Tha  motor  drive 
shaft  was  oonnadsd  to  tha  turntable  drive  shaft  by 
a  toothed  bait  drive  with  a  speed  reduction  of  4  to 
1.  WHh  this  arrangamant  and  without  any  baddash 
in  tha  drive,  it  was  possibla  to  maasuro  tha  position 
of  tha  U-band  to  one  eighth  of  a  degree.  With  a 
pulse  doubler  in  tha  LDA  data  acquisition  intsrfaoa, 
it  was  thus  possibla  to  achieve  an  angular 
resolution  of  1/16  of  a  dagraa.  Tha  5760 
incramantai  pulses  par  revolution  of  tha  U  band  are 
rafarancad  to  a  reset  pulse  that  comas  from  an 
optical  switch  attached  to  the  turntable.  Tha  angular 
position  at  any  time  is  thus  datarminad  by  tha  pulse 
counter  reading  that  is  fad  into  tha  24-bit  shaft- 
angle  input  on  tha  data  acquisition  systsm. 

Tha  rotational  spaed  of  tha  tumtabla  was  monitorad 
using  a  countar  fad  with  360  pulses  par  motor  shaft 
revolution  from  tha  incramantai  encoder.  As  this 
shaft  rotated  at  four  timas  tha  spaed  of  tha  U-band 
tumtabla  this  raprasentsd  1440  pulses  par  tumtabla 
revolution.  As  most  of  tha  currant  lasts  ware  run  at 
76  RPM,  this  translated  to  a  tumtabla  spaed  of 
1824  counts  par  second. 

As  tha  maasuramants  wara  taken  ovar  a  period  of 
several  hours  it  was  essential  that  tha  rotational 
spaed  of  tha  rig  was  maintained  constant  Tha 
Ward  Leonard  drive  systam  amployad  is  an  open 
loop  systsm  but  with  tha  aid  of  an  electronic  sp^ 
control  system  that  utilises  tha  pulses  from  tha 
incramantai  encoder,  it  was  possibla  to  maintain  a 
constant  rotational  spaed  for  the  duration  of  tha 
tests. 

2.2  DATA  PROCESSING 

Tha  valoeitias  maasurad  as  tha  U  band  swaaps 
past  tha  maasuring  volume  are  tha  absoluta 
velocities  for  a  stationary  frame  of  rafaranoa, 
collactad  along  circular  arcs.  It  is  tharafora 
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Figure  3  Interpolated  data  lines 


Figure  4  Measured  velocity  vector  field 
along  the  symmetry  plane 


necessary  to  transform  the  measurements  into  a 
form  that  is  easier  to  understand.  The  resuMing 
transformations  produced  a  set  of  veiocilies  for  a 
rotating  frame  of  roferenoe.  resolved  along  the  axial 
and  the  cross-duct  directions  and  aiong  straight 
traverse  lines  across  the  duct 

In  order  to  apply  these  hansformations  two  distinct 
regions  of  the  rotating  duct  needed  to  be 
considered:  the  two  straight  sections  and  the  bend 
itself.  The  probe  collects  measurements  for  two 
velocify  components  along  the  radial  and 
drcumferential  directions  relative  to  the  axis  of 
rotation.  In  order  to  transform  Siese  measuremente 
to  a  rotating  frame  of  reference,  the  local  turntable 
valodfy  is  subtracted  from  the  measured  fluid 
dreumferentiai  velocity.  Then,  at  each  angular 
location,  the  flow  quantities  that  are  initialiy 
measur^  along  the  drcumferential  and  redid 
locations,  are  resolved  along  the  axial  and  cross¬ 
duct  directions. 

Of  course,  it  is  convenient  to  record  the  data  over 
planes  normal  to  the  duct  axis.  For  each  selected 
plane  velocity  data  are  therefore  successively 
recorded  along  three  doeely  spaced  circular 
trajectories  that  span  the  plane  in  question  (AB  in 
Fig  3a).  The  locabons  of  these  data  records  are 
denoted  as  points  in  Rg  3a.  Bi-Knear 
interpolation,  either  between  arcs  2  and  3  to  the  line 
segment  AM  or  between  arcs  1  and  2  for  the 
segment  MB  establish  the  relevant  data  values  at 
points  such  as  Q  along  AB. 

in  the  U-bend  region  data  interpolation  was  made 
onto  straight  lines  passing  through  the  centre  of  the 
bend  in  the  same  way  that  traverses  were  made  in 
die  stationary  duct  The  interpolation  method 
emptoyed  is  Aimilar  to  that  adopM  in  the  straight 
sections.  In  this  region  the  four  adjacent  bins  on 
the  two  nearest  arcs  containing  data  were  used  for 
three  linear  interpolations  as  shown  in  Rg  3b. 
Interpolations  wore  made  at  15-degroe  intervals 
around  the  bend.  Each  straight  line  had  49 
interpolated  points  spaced  at  1  mm  intervals  along 
the  Hne.  The  14  arcs  on  which  data  had  been  taken 
in  the  bend,  provided  mors  than  2500  bins  of  data 
points  in  the  bend  region  from  which  the 
interpolated  data  wore  derived. 

With  data  being  ^ored  at  1/8  degree  intervals  for 
the  rotating  cases,  the  length  of  the  storage  bins 
varied  as  the  probe  was  set  at  dHferent  radii.  At  the 
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wnalMl  radhM  lha  width  of  tha  bin  was  0.157  mm 
and  at  lha  iargaat  0.6  mm.  Dua  to  tha  dVfaranoa  in 
atoraga  bin  siza,  atong  travaiaa  arcs  of  smaliar  ladit 
lhara  wars  mora  bins  containing  flow  data,  but  with 
towar  data  points  storad  in  aach  bin.  Within  tha 
straight  saetions,  data  from  adjaoant  bins  ware 
tharafora  eombinad  to  obtain  tha  ansambia 
avaraga.  Tha  total  oiroumfarantiai  iangth  of  tha 
oombinad  data  bins  did  not  howavar  axcaad  0.8 
mm. 

Tha  ovaran  astimatad  uncartaintias  for  tha  non- 
dimansionalisad  moan  valocitias  in  tha  straamwisa 
and  cross-duct  diraetions  Ug  and  Uj,  raspactivaiy. 
and  of  tha  corrasponding  turbulanoa  quantitias  ara; 


u,  t  OJOiu^  :  .fi  iOJQ2u^ 

U,  a  0.03(4,  : 


In  arriving  at  tha  abova  figuras  tha  following  affacts 
wara  oonsidarad:  tha  unoartainty  of  tha  rotor  spaad, 
phasa  unoartainty  of  tha  dopplar  signal,  unoartainty 
of  wavaiartgth  and  baam  angla,  vaiooity  gradiant 
broadaning,  vaiooity  bias  and  flow  rata  unoartainty 
assooiatad  with  tha  orifioa  plats. 

3  RESULTS 

Maasurarrtants  hava  baan  obtainad  along  tha 
symmatry  plana  {yID  •  0)  and  also  along  a  plana 
naar  tha  top  wall  {2ytD  >  0.75),  whara  y  is  tha 
vartioal  distanoa  from  tha  symmatry  plana.  A 
numbar  of  crocs  duct  travarsas  hava  baan 
produced  covering  a  region  from  3  hydraufic 
diamatars  (0)  upstream  of  tha  band  entry  to  80 
downsfraam.  Tha  three  eases  invastigatad,  Ro  -  - 
0.2,  0.0,  0.2,  wara  all  at  a  flow  Reynolds  numbar 
(Ra  ■  (4,Pfv)  of  100,000.  A  positiva  rotation 
direction,  as  shown  in  Rgura  1,  is  dafinad  as  one  in 
which  tha  duettrafling  (prassura)  side  ooinddas  with 
tha  outer  aWa  of  tha  U-band.  Due  to  space 
Imitations  only  symmatry  plana  maasuramants  ara 
prasantad  hare.  A  mora  datalod  account  is 
provided  in  Chaah  at  al  (1994). 

Tha  trtaan  valodty  maasuramants  along  the 
symmatry  plana  ara  prasantad  in  tha  vector  plots  of 
Figure  4.  Tha  stationary  U-band  results  indicate 
that  at  tha  band  entry  thara  is  a  strong  flow 
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Figura  5  Normal  strassas  along  symmatry  plana 
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aooatoraten  along  tha  innor  wall,  whila  along  lha 
outer  wall,  tea  flow  ia  strongly  daoalarated.  \Mthin 
tea  band,  a  saparalion  bubbla  Is  formad  along  tea 
Innar  wall  naar  tea  90*  tocatlon.  Raattachmant 
occurs  at  1 .7D  from  tea  band  axit  (for  tea  stationary 
easa).  PosHiva  rotation  (Ro  02)  mainly  affacts 
tea  downstraam  flow.  Tha  Coriolis  inducad 
saoondary  motion  opposas  tea  ratum  of  tea  high 
momantum  fluid  to  tea  innar  sida  of  tea  duct,  almost 
doubling  tea  langth  of  tea  saparation  bubbla. 
Furtear  downstraam,  tea  flow  approachas  fuUy 
davalopad  flow  conditions  for  a  rotating  straight 
ducL  Tha  high  momantum  fluid  accumulates  along 
tha  trailing  sida  of  tea  (rotating)  duct,  which  far 
positiva  rotation,  ooinddas  with  tha  U-band  outer 
wall.  Undar  nagativa  rotation,  tea  Coriolis-induoad 
saoondary  motion  bansports  tea  iow  momantum 
fluid  to  tea  outer  sida  of  tea  duct  As  a  rasult,  a 
small  rsgion  of  flow  rovarsal  davalops  along  tha 
outer  wall  at  tea  band  antry.  In  tha  downstraam 
rogion,  tea  Corioiis>induoad  saoondary  motion 
bagins  to  mova  tha  fluid  across  tea  duct  towards 
tha  innar  sida  causing  raattachmant  to  occur  at 
around  20  downstraam  of  tha  axit  After 
raattachmant  tha  cross*duct  movamant  transports 
tea  fast  moving  fluid  to  tea  duct  inner  sida. 

Profiles  of  tha  normal  turbulent  stresses  along  tha 
straamwisa  and  cross<duct  directions  are  shown  in 
Figures  5(a)  and  5(b)  respactivaly.  In  general, 
turbulanoa  iavais  aro  found  to  ba  low  in  regions 
where  tea  flow  aooalaratas  and  high  in  regions  of 
flow  daoalaration  and  saparation.  In  tha  prasanee 
of  nagativa  rotation,  turbulanoa  levels  are 
consequently  highar  than  those  for  flow  through  a 

stationary  U>bond  whereas  positiva  rotation  is  found 
to  have  tha  opposite  affect. 

The  distribution  of  tea  turbulent  shear  stress 
component  UjUj,  within  tha  cross-duct  plana  is 
shown  through  tea  profiles  of  Figure  6.  Since  most 
of  tha  significant  shaar  stress  variation  occurs 
downstraam  of  tea  band,  only  tha  downstraam 
profiles  are  shown.  Within  tea  first  three 
downstraam  diameters,  turbulence  shaar  stress 
levels  rise  significant.  Tha  shaar  stress 
distribution  is  aiso  affacM  by  rotation.  Negative 
rotation  incraasas  shaar  stress  levels  whila  positiva 
rotation  has  tha  opposite  affacl 

Fmaliy  Figure  7  presents  tea  disbibution  of  triple 
moment  components  in  tha  downsbaam  region; 


again  ki  this  region  tea  bipla-momant  corralatiens 
have  substantially  highar  levels  than  upstream. 
These  four  bipla  moments  reach  thab  highest  levels 
at  10  downsbaam  of  tha  U-band.  Tha  bipte 
moments  are  also  affected  by  tha  sense  of  rotation, 
nagativa  rotation  leading  to  highar  vahias  than 
positiva  rotation  with  tea  stationary  results  lying  in 
between.  Nagativa  gradients  of  tha  triple  moments 
imply  a  local  diffusiva  gain  of  fluctuating  energy.  In 
tha  downsbaam  region,  the  regions  ctoaa  to  tha 
inner  and  outer  walls  are  consaquantiy  gaining 
anargy  at  tha  expanse  of  tea  highly  turbulent  fluid 
in  tea  core. 

4  CONCLUSIONS 

In  this  paper  wa  have  shown  teat,  with  a  suitabla 
data  monitoring  and  processing  system,  it  is 
possible  to  collact  accurate  LDA  maasuramants  for 
internal  flows  through  rotating  ducts,  using  a 
stationary  fibrs-optic  probe.  This  method  has 
generated  detailed  mappings  of  tha  mean  and 
fluctuating  flow  fields  in  rotating  U-bands  of  strong 
curvature.  Tha  results  reveal  thatwHhin  the  U-band 
tha  flow  is  dominated  by  tha  strong  straamwisa 
pressure  gradients.  At  tha  U-band  axit  these 
gradients  causa  flow  saparation  along  tha  duct 
innar  wall,  which  starte  at  about  tha  90*  location, 
and  strong  flow  accalaration  along  tha  outer  side. 
Regions  of  flow  accalaration  are  also  found  to  ba 
regions  of  ralativaly  low  turbulanoa  and  in  regions 
of  flow  saparteion  turbulanoa  levels  are 
considerably  highar.  Tha  bipla-momant 
maasuramants  indicate  that  in  tha  exit  region  thara 
is  significant  transport  of  turbulence  from  tha  core 
region  to  tha  naar-wall  mgions  through  turbulanca 
mixing. 

Orthogonal  rotation  at  a  rotational  number  of  0.2  is 
found  to  have  signifleant  affacts  on  tea  flow 
development  Positiva  rotation  incraasas  the  langth 
of  tha  saparation  bubbla  downsbaam  of  tea  band 
and  generally  suppresses  turbulanoa  within  tha 
band  and  in  tha  downstream  region.  Nagativa 
rotation  causes  flow  separation  along  tha  outer  wall 
at  the  U-band  entry  and  also  incroasas  tha  overall 
turbulanoa  levels. 
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SUMMARY 

Measurements  of  the  three  Reynolds  shear  stresses 
in  a  fully  developed  flow  in  a  mildly  curved  flume  were 
executed  using  a  3-dimensionaI  laser-Doppler  velocimeter. 
The  assumption  of  equal  eddy  viscosity  coefficients  for 
the  different  Reynolds  shear  stresses,  depending  only  on 
the  main  flow,  which  is  often  used  for  such  a  mildly 
curved  flow  appears  not  to  be  justified.  The  results  of  the 
measurements  confirm  results  of  previous  much  simpler 
2'dimensional  measurements,  which  were  however 
unreliable  because  of  the  required  beam  configurations. 
Moreover  the  3-D  measurements  can  be  used  to  obtain 
higher  order  correlations  of  the  three  velocity  components 
that  can  be  used  to  evaluate  results  of  advanced  turbulence 
models. 

1.  INTRODUCTION 

The  curvature  of  the  flow  in  river  bends  gives  rise 
to  flow  components  perpendicular  to  the  main  flow 
direction,  the  so-called  secondary  flow.  This  secondary 
flow  has  important  consequences  for  the  morphology  of 
alluvial  beds  in  river  bends.  Near  the  bottom  the  flow, 
and  therewith  the  sediment  transport,  is  directed  towards 
the  inside  bank  of  the  river  bend.  As  a  result  the  outer 
side  of  the  river  bend  is  eroded  and  undermining  of  the 
outside  bank  can  occur  (Bendegom,  1947;  Odgaard,  1981). 

A  thorough  knowledge  of  the  secondary  flow  is 
essential  for  predictions  about  the  morphology  of  alluvial 
river  bends.  Computed  intensities  and  vertical 
distributions  of  the  secondary  flow  depend  strongly  on  the 
modelling  of  the  Reynolds  shear  stresses,  in  particular  the 
shear  stress  that  accounts  for  the  vertical  exchange  of 
secondary  flow  momentum.  Generally  gradient  type 
momentum  transport  and  isotropic  eddy  viscosity  are 
assumed  (Leschiner  and  Rodi,i979). 

To  examine  the  correctness  of  the  assumptions  and, 
if  not,  to  improve  the  turbulence  modelling  measurements 


of  mean  velocities  and  turbulence  quantities  were  executed 
in  a  mildly  curved  flume  in  the  Laboratory  for  Fluid 
Mechanics  of  the  Delft  University  of  Technology,  the 
LFM  flume,  see  fig.  1 .  (The  measures  of  the  flume  are: 
radius  of  curvature.  R  =  4. 10  m;  width.  IV  =  .50  m  and 
the  water  depth,  h  »  .05  m)  The  cross-section  of  the 
flume  is  rectangular  and  bottom  and  sidewalls  are 
transparent  to  allow  velocity  measurements  by  means  of 
a  laser-Doppler  velocimeter  (LDV). 

Previous  measurements  showed  that  in  the  second 
part  (>90°)  of  the  bend  the  flow  varied  only  slightly 
along  the  flume.  Consequently  the  flow  in  the  cross- 
section  at  135°,  ubere  the  measurements  were  executed 
can  be  considered  fully  adapted  to  the  flume  curvature.  In 
this  part  of  the  flume  the  main  flow  can  be  defined  as  the 
flow  component  in  the  direction  of  the  flume  axis  and  the 
secondary  flow  as  the  flow  components  perpendicular  to 
the  flume  axis.  Of  the  secondary  flow  components  the 
horizontal  one  is  the  most  important. 


I^lll  I  ml  MMaM 

Fig.  1.  The  L.F.M.  flume;  layout  and  cross-section. 
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2.  THE  EXPERIMENTAL  PROCEDURE 

In  (he  ^-section  at  13S°  the  instantaneous  (local) 
velocity  co  nts  u,  v  and  w  in  longitudinal  direction. 
X,  in  trans  Jtreclion,  y,  and  in  vertical  direction,  z, 
respectively,  were  measured  (see  Hg.  I).  The  positive 
vertical  co-ordinate  is  taken  upward  with  z  =  0  at  (he 
bottom  of  the  flume  and  the  positive  transverse  co¬ 
ordinate  is  taken  outward  with  y  ==  0  at  the  flume  axis. 
The  instantaneous  velocities  (u,  v,  w)  were  decomposed 
into  the  time-averaged  velocities  (u,  v,  w)  and  the 
turbulent  velocity  components  v\  w'),  e.g. 

u  =  u  *  u' 


Cross-correlations  of  the  turbulent  v*'*-.  ity  components 
yield  the  three  Reynolds  shear  stre* 


a)  spatial  configuration 


b)  plane  configuration 


Fig.  2.  2-Dimensional  LDV;  laser  beam  configurations, 
(i  and  r  are  the  illuminating  and  reference  beams 
respectively,  —  >  are  the  measured  velocity 
components) 


•  p  u'w'  ,  »  p  iiV  and  (2) 

and  auto-correlyions  the  three  turbulence  energies 
components  («x,  (v^^,  (wx. 

Several  years  ago  measurements  with  a  2- 
dimensional  reference  beam  mode  LDV  with  a  10  mW 
He-Ne  laser  were  executed.  A  2-dimaisiona)  LDV  allows 
the  simultaneous  measurement  of  only  2  velocity 
components,  from  which  only  one  shear  stress  can  be 
obUined.  To  measure  the  three  shear  stresses  several 
beam  configurations,  all  with  a  vertical  optical  axis,  were 
used.  The  conventional  spatial  beam  arrangement  of  fig. 
2a  yielded  simultaneous  measurements  of  the  velocity 
components  u  and  v  and  therewith  the  shear  stress  t^. 

The  LDV  arrangement  of  fig.  2b  with  (he  beams  in 
the  cross-section  plane  allowed  the  simultaneous 
measurement  of  v  and  w  and  consequently  the  shear  stress 
r^.  (The  same  information  with  a  spatial  beam 
configuration  would  have  required  the  almost  impossible 
setup  with  the  optical  axis  in  the  flume  direction.)  The 
same  arrangement  rotated  over  90**  about  the  vertical 
yielded  u,  w  and  r^.  A  drawback  of  this  plane 
configuration  is  the  small  angle  between  the  two  measured 
velocity  components.  As  a  consequence  the  errors  in  the 
measured  values  for  wand  for  the  ^ear  stresses 
are  relatively  large.  Moreover  it  is  impossible  to  obtain 
higher  order  correlations  of  the  three  velocity 
components.  The  results  of  the  2-dimensional 
measurements  ivere  reported  in  Booij  (1985). 

This  paper  describes  the  first  results  obtained  by 
means  of  a  3-dimensional  LDV.  The  measurements  were 
executed  with  a  DANTEC  3-colour  fibre  optics  system 
with  a  4  Watt  Coherent  Ar-ion  laser  and  DANTEC  BSA 


processors.  The  optical  system  used  was  a  combination  of 
a  2-dimensional  probe  and  a  I -dimensional  probe,  see  fig. 
3.  The  velocity  components  measured  with  the  2-D  probe 
(directions  2  and  1  in  fig.  3)  are  the  velocity  component 
in  transverse  direction  v  and  a  combination  of  velocity 
components  u  and  w.  Combination  of  the  last  one  with  the 
velocity  component  (direction  3  in  fig.  3)  measured  with 
the  1-D  probe  >ields  u  and  w.  The  relatively  large  angle 
(60°)  between  direction  1  and  3  allows  a  precise 
determination  of  w  with  this  beam  configuration.  Identity 
of  the  irlieasured  particles  is  assured  by  requiring  arrival 
time  coincidence. 


Fig.  3.  The  3-Dimensiona)  LDV  beam  configuration. 


28.5.2. 


-.15  -.10  -.05  .00  .05  .10  .15  .20 


-.20  -.15  -.10 


-.05  .00 


/y 


Xm)  —.20 


-.20  \/..l5 


(\0  /15  .20 


^(inin/s)  - 

Vertical  profiles  of  the  time-averaged  velocity  components  at  different  places  in  the  cross-section. 

(The  velocity  scale  for  y  »  0  m  is  given  at  the  bottom.  The  velocity  scales  for  the  other  verticals  are 
displaced,  see  top  of  each  plot.  The  vertical  lines  indicate  the  characteristic  velocity,  e.g.  u  ^  .2  m/s.) 
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To  simplify  aligning  of  the  many  laser  beams  a 
water-filled  prism,  with  sides  perpendicular  to  the  optical 
axes  of  the  two  probes,  was  attached  under  the  measuring 
cross-section,  see  fig.  3.  The  refraction  by  the  glass-plates 
forming  the  bottom  of  the  flume  and  the  top  of  the  prism, 
which  were  at  an  angle  to  the  optical  axis,  complicated 
the  creation  of  overlapping  measuring  volumes  for  the 
different  beam  pairs.  This  refraction  effect  of  the  glass 
plates  could  be  effectively  compensated  for  by  a  small  air- 
filled  slit  between  them.  The  measuring  system  can  be 
traversed  in  y-  and  z-direction  and  the  two  probes 
independently  in  the  x-direction.  This  combination  of  4 
movements  is  required  to  be  able  to  execute 
measurements  over  the  cross-section  without  having  to 
align  the  beams  between  measurements.  A  small 
nteasuring  volume  of  the  order  of  .1  mm  in  all  three 
directions  was  realized. 

The  use  of  semi-automatic  measuring  procedures 
allowed  measurements  of  6  minutes  each  over  a  fine  grid 
(up  to  37  measuring  points  at  each  of  21  depths)  to  be 
executed  vrithin  two  months.  The  plots  in  this  report  ate 
composed  from  the  smoothed  results  of  these 
measurements.  The  individual  measurements  are  not 
reproduced  here  for  clarity  of  the  plots. 

3.  TIME-AVERAGED  VELOCITIES 

Vertical  profiles  of  the  measured  time-averaged 
velocities  at  different  places  in  the  cross-section  are 
plotted  in  fig.  4.  Fig.  4a  shows  an  increase  of  the  depth 
averaged  nwin  flow  velocity  u  towards  the  outside  bend. 
This  is  caused  by  convection  of  the  main  flow  by  the 
secondary  flow. 

The  transverse  velocity  v  in  fig.  4b  and  the  vertical 
velocity  w  in  fig.  4c  show  the  usual  secondary  flow  cell, 
rotating  clockwise.  Near  the  water  surface  the  flow  is 
directed  towards  the  outside  flume  wall  and  near  the 
bottom  towards  the  inside  wall.  The  secondary  cell  is 
closed  by  a  downward  flow  along  the  outer  wail  and  an 


Fig,  5.  Sketch  of  a  two  cell  system  of  secondary  flow. 


Fig.  6.  HorizonUl  profiles  of  secondary  flow  velocity 
components  at  different  depths. 


upward  flow  along  the  inner  wall.  The  vertical  velocity  in 
the  flume  centre  is  almost  zero.  An  additiorwl  small 
counter-rotating  second  cell  near  the  upper  outside  flume 
wall  can  be  distinguished  (Vriend  (1981a),  see  the  sketch 
in  fig.  5).  This  second  cell  stems  from  an  instability  of 
the  flow  along  a  concave  wall  (Vriend,  1981b). 

The  presence  of  a  two  cell  system  is  mote  obvious 
in  fig.  6,  where  a  few  horizontal  velocity  profiles  of  the 
measured  secondary  flow  components  at  different  dqtths 
are  plotted.  The  distribution  of  the  secondary  flow 
velocity  componoils  in  the  lower  outside  bend  comer 
appears  to  indicate  the  existence  of  a  small  secondary  cell 
in  this  region.  This  kind  of  secondary  flow  cell,  which  is 
also  found  in  straight  flumes  is  caused  by  an  anisotropy 
of  the  turbulence. 

The  main  secondary  flow  cell  has  two  marked  effects 
on  the  distribution  of  the  main  flow.  The  convection  of 
the  main  flow  by  the  secondary  flow  distorts  the  nearly 
logarithmic  velocity  profiles  of  the  main  flow  in  free 
surftce  flow,  as  slower  moving  water  from  the  inside 
bend  is  convected  towards  the  outside  bend  in  the  upper 
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Fig.  7.  Vertical  proflles  of  the  shear  stresses  at  different  places  in  the  cross-section. 

(The  scale  for  >  =  0  m  is  given  at  the  bottom.  The  scales  for  the  other  verticals  are  displaced, 
see  the  top  of  each  plot.  The  vertical  lines  indicate  the  characteristic  shear  stress  value.) 
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(5) 


put  of  the  flow.  As  a  result  the  maximum  value  of  the 
main  flow  velocity  u  in  the  centre  of  the  flume  is  reached 
well  below  the  water  surface.  Moreover  the  local  depth- 
averaged  main  flow  velocity  increa.ses  towards  the  outside 
wall. 

Attention  should  be  paid  to  the  difference  of  the 
scales  for  the  different  velocity  components  in  fig.  4.  The 
scale  of  V  is  about  10%  of  the  scale  of  u  and  the  scale  of 
w  is  of  the  order  of  1%  of  that  of  u,  which  is  of 
importance  for  the  relative  errors  in  the  secondary  flow 
velocity  components  and  in  particular  for  the  accuracy  in 
the  determination  of  the  vertical  velocity. 

4.  SHEAR  STRESSES  AND  EDDY  VISCOSITIES 

The  vertical  profiles  of  the  different  Reynolds  shear 
stresses  obtained  from  the  cross-correlations  of  the 
measured  turbulent  velocity  components  at  different  places 
in  the  cross-section  are  plotted  in  fig.  7.  These  shear 
stresses  provide  for  the  transport  of  main  flow  momentum 
and  secondary  flow  momentum  in  combirution  with  the 
convective  transport.  Assuming  gradient-type  momentum 
transports  in  the  various  directions,  eddy  viscosity 
coefficients  etc,  for  those  transports  can  be  derived, 
using 


xz 

~P 


»  u  w  » 


»  « v  = 


,du  .  3 V 


Su 

«  a? 

du 


(3) 


V-r—  t;/ 


dy  dx 


>  'a; 


p 


^'az  ay^ 


Here  the  approximations 
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are  used.  The  assumptions  for  the  velocity-derivatives 
dw  Idx  and  3  v  /dx  can  be  made  as  the  flow  varies  very 
slowly  in  the  longitudinal  direction  in  this  part  of  the 
flume,  dwidy  is  negligible  except  near  the  sidewalls. 
Vertical  profiles  of  the  three  introduced  eddy  viscosities 
in  the  center  of  the  flume  are  plotted  in  fig.  8.  Apparently 
the  three  eddy  viscosities  are  far  from  equal  and  the 
assumption  of  an  isotropic  eddy  viscosity  in  analytical  or 
numerical  flow  imdels  is  not  justified  for  this  kind  of 
flows.  The  singular  behaviour  of  the  eddy  viscosities  at 
points  with  a  zero  velocity  gradient  is  of  minor 
importance  as  the  shear  stre.sses  are  generally  small  too 
there. 

The  shear  stress  transports  main  flow  momentum 
in  vertical  direction.  The  measured  profile  deviates 
significantly  from  the  linear  profile  found  in  a  wide 
straight  open  channel.  In  the  central  part  of  the  flume  the 
shear  stress  almost  vanishes  in  the  upper  part  of  the  flow. 
The  corresponding  eddy  viscosity  obtained  from  the 
measured  shear  stress  and  the  vertical  gradient  of  the 
main  flow  using  equation  (3)  is  also  very  small  in  this 
region  (appreciably  smaller  than  the  theoretical  value 
around  half  depth).  To  understand  this  behaviour  ofr^ 
and  it  is  useful  to  consider  the  distribution  of  the 
shear  stress  r^. 
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The  shear  stress  r  transports  main  flow  momentum 
across  the  flume.  In  a  large  central  part  of  the  flow  the 
transport  appears  to  be  in  the  wrong  direction, 
corresponding  to  a  negative  eddy  viscosity  (see  flg.  8). 
An  explanation  can  be  found  taking  a  closer  look  at  the 
turbulence  structure. 

In  boundary  layer  flow  and  in  open  channel  flow  an 
important  aspect  of  turbulence  is  the  movement  of 
coherent  parcels  of  water  from  (he  bottom  in  upward 
direction.  These  coherent  parcels  and  to  a  lesser  extent 
the  compensating  fluid  moving  in  downward  direction 
provide  the  largest  contribution  to  the  stress  (Brodkey , 
1974).  The  upwards  moving  parcels  arriving  at  a  higher 
level  have  a  positive  value  of  w,  and  a  relatively  low 
value  of  u  and  v,  implying  a  positive  w'  and  negative  u' 
and  v' .  Downward  moving  parcels  have  analogously 
negative  w'  and  positive  u'  and  v' .  Both  kind  of  parcels 
give  a  negative  contribution  to  u^w'  and  a  positive 
contribution  to  u'v* .  The  positive  value  of  unmeasured 
has  evidently  nothing  to  do  with  a  gradient  of  u  across 
the  flume,  but  stems  from  the  mechanism  described 
above. 

The  low  value  of  near  the  surface  seems  to 
indicate  that  the  upward  movement  of  coherent  parcels 
which  is  important  over  the  whole  depth  in  a  straight 
flume  is  hindered  in  curved  flow,  especially  in  the  upper 
part.  This  is  confirmed  by  the  distribution  of  the 
turbulence  energy  per  unit  of  mass,  k,  see  fig.  9,  where 


In  fig.  9  the  measured  turbulence  energy  in  the  centre  of 
the  cross-section  is  plotted  rjid  compared  to  the 


Fig.  9.  Comparison  between  turbulence  energy  in  curved 
flow  and  in  straight  flow. 


corresponding  turfoulerce  energy  in  a  straight  flume.  The 
damping  of  the  turbulence  in  the  central  part  of  the  curved 
flow  increases  with  the  distance  to  the  bottom. 

The  hindrance  of  the  vertical  movement  of  the  fluid 
parcels  in  the  upper  part  of  the  curved  flow  is  presumably 
caused  by  the  typical  main  flow  profile  induced  by  the 
convection  of  the  main  flow  by  the  secondary  flow.  Then 
the  rate  of  damping  depends  on  the  aspect  ratio  h/B,  as 
the  convection  by  secondary  flow  in  relatively  wide 
channels  is  less  important  compared  to  the  influence  of 
the  bed  shear  stress.  This  damping  of  the  vertical 
movement  of  the  parcels  coming  from  the  bottom  region 
reduces  also  the  values  of  and  measured  in  the 
upper  part  of  the  flow  compared  to  a  straight  flume. 

The  shear  stress  transports  secondary  flow 
momentum  in  vertical  direction.  The  measured  negative 
values  of  v'w'  agree  with  the  positive  v»'  and  negativev^ 
for  upward  moving  and  the  negative  w'  and  positive 
for  downward  moving  parcels.  The  upward  moving 
parcels  are  created  around  y  *  =  yir ,  /i*  »  30  (Brodkey  et 
all.,  1974)  or  at  about  1  mm  from  the  bottom.  This  is 
near  the  depth  where  the  negative  secondary  velocity  is 
largest.  A  positive  shear  stress  that  is  expected  below 
this  depth  is  found  in  these  measurements  (see  fig.  7), 
where  in  the  previous  2-dimensional  measurements  near 
the  bottom  the  noise  prevented  this. 

The  eddy  viscosity  is  smaller  then  the  eddy 
viscosity  of  the  main  flow  This  can  be  understood, 
when  it  is  considered  that  the  shear  stresses  do  not  only 
depend  on  local  conditions,  but  also  on  the  properties 
transported  by  the  parcels  created  in  the  bottom  regions. 
This  smaller  eddy  viscosity  leads  to  higher  secondary 
velocities  than  predicted  with  estimates  based  on  the 
assumption  of  equal  eddy  viscosities  and  explains  the 
deviations  often  found  between  measurements  and 
theories. 

5.  CONCLUSIONS 

By  carefully  designing  the  optical  arrangement  a  3-D 
LDV  configuration  can  be  used  to  do  semi-automatic 
simultaneous  measurements  of  various  turbulence 
moments  e.g.  the  three  Reynolds  shear  stresses  in  a 
flume. 

Descriptions  of  the  flow  in  curved  charmels  using 
gradient-type  momentum  transport  concepts  are  of 
limited  use. 

Use  of  equal  eddy  viscosities  for  the  various 
momentum  transports  in  curved  charmel  flow  is  not 
justified. 
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ABSTRACT 

Recently,  there  has  been  an  increased  interest  in  the 
interaction  of  vortices  and  turbulence  with  free  surfaces. 
A  central  issue  in  understanding  the  free  surface 
turbulence  is  to  relate  the  surface  elevation  to  the  near 
surface  "ow  field.  In  that  respect,  the  lack  of  a  global 
surface  .napping  technique  which  could  reveal  the 
temporal  evolution  of  the  surface  elevation  has  prevented 
the  progress  of  viable  research.  Thus  it  is  the  purpose  of 
this  work  to  present  a  new  technique  integrating  optics, 
colorimetry,  ^gital  image  proces.sing,  to  m  insure  the  3-D 
surface  elevation  for  a  time-evolving  flow. 

BACKGROUND 

It  is  highly  undesirable  to  use  a  probe  which  extends 
through  the  water  surface  to  study  surface  structures  due 
to  the  fact  that  the  probe  interacts  with  the  free-surface.  It 
IS  therefore  highly  desirable  to  use  optical  methods  since 
these  techniques  do  not  interfere  with  the  free-surface.  As 
suggested  by  Cox,  it  is  convenient  to  measure  the  water- 
surface  slope  instead  of  the  free  surface  elevation,  since 
the  higher  (frequency  waves  have  lower  amplitudes  while 
they  maintain  higher  slopes.  Therefore,  Cox  (19S8) 
measured  the  surface  slope  by  the  refraction  of  light 
through  a  free-surface.  A  light  source  of  spatially 
linearly-varying  intensity  was  placed  at  the  bottom  of  a 
water  tunnel,  and  a  telescope  imaged  one  point  on  the 
water  surface  into  a  photocell.  Therefore,  the  brightness 
of  the  light  seen  by  the  photocell  was  proportioned  to  one 
component  of  the  slope  of  the  free-surface.  This 
technique  is  referred  to  as  the  “refraction  mode”  since  the 
observed  light  rays  are  refracted  through  the  surface. 
Likewise,  one  can  perform  the  experiment  by  illuminating 
the  surface  of  the  water  from  air  and  observing  the 
reflections.  This  technique  is  referred  to  as  the  “reflective 
nrode”  since  the  observed  light  rays  are  reflected  from  the 
surface.  Using  a  photo  diode  array  and  a  laser  as  a  single 
point  light  source.  Long  and  Huang  (1976)  were  able  to 
measure  both  components  of  the  surface  slope  at  one 
point  Further  wort  done  by  Keller  and  Gotwols  (1983), 
Jahne  and  Wards  (1989),  and  Jahne  and  Riemer  (1990), 
progressed  the  technique  to  allow  for  two  slope 


component  measurements,  one  slope  at  a  time.  Zhang  and 
Cox  (1992)  extended  this  work  by  allowing  the 
measurement  of  two  slope  components  simultaneously, 
throughout  a  two-dimensional  spatial  domain.  Since  the 
technique  is  photographically-based,  it  allowed  data 
acquisition  at  only  one  point  in  time.  In  this  paper,  we 
report  on  the  development  of  a  real-time  version  of  this 
technique  that  facilitates  studies  of  time  evolving  flows. 

MEASUREMENT  TECHNIQUE 

By  combining  the  technique  developed  by  Zhang  and 
Cox  with  a  video  recording  system,  and  with  digital  image 
processing,  we  have  produced  a  technioue  capable  of 
measuring  surface  slopes  in  a  two-dimensional  spatial 
domain  for  time-evolving  flows.  Figure  1  shows  the  set¬ 
up  for  this  technique.  A  2-D  diffused  white  light  source  is 
covered  with  a  color  palette.  Therefore,  color  is  now  a 
function  of  position  on  the  light  source.  The  color  palette 
used  to  cover  the  light  source  is  shown  in  figure  2.  A 
large  lens  is  placed  at  exactly  one  focal  length  away  from 
the  colored  light  source.  This  will  then  create  a  system  of 
parallel  color  beams.  Each  set  of  colors  will  be  parallel, 
but  in  different  directions  with  respect  to  other  colors.  As 
can  be  seen  from  figure  1,  green,  which  emanates  from 
near  the  center  of  the  light  source,  turns  into  a  parallel  set 
of  beams  which  are  near-parallel  to  the  axis  of  the  lens. 
However,  blue,  which  emanates  from  the  edge  of  the  light 
source,  is  transformed  into  a  parallel  set  of  beams  which 
are  parallel,  yet  at  an  angle  to  the  axis  of  the  lens.  This 
system  of  pallet  beams  are  used  to  illuminate  the  free 
surface.  A  3-chip  RGB  color  camera  is  located  far  away 
to  observe  the  color  reflections  of  the  free-surface.  By 
placing  the  camera  as  far  away  as  we  can,  we  make  the 
beams  entering  the  camera  as  parallel  as  we  can.  It  is 
important  to  realize  that  1)  each  of  the  different  colors 
incident  on  the  free  surface  at  different  angles,  will  be 
reflected  only  from  a  certain  angle  from  the  free  surface 
toward  the  camera,  and  2)  the  reflections  must  all  be 
almost  parallel,  regardless  of  their  color  in  the  direction  to 
the  camera.  Figure  3  shows  a  close-up  of  the  color 
reflection  from  the  surf;u:e.  With  these  two  points  in 
mind,  it  becomes  clear  that  this  technique  color-codes  the 
diffnent  slopes  of  the  free-surface. 


Fig.  1  This  picture  demonstrates  the  principle  of  the  measurement  technique.  A  diffused  white  light  source 
illuminates  a  color  palette  (see  Fig.  2).  A  lens,  located  at  its  focal  plane  from  the  color  palette,  transforms 
the  merging  color-coded  light  into  a  multiple  system  of  parallel  colored  beams.  This  system  of  beams,  after 
being  reflected  from  the  free-surface,  is  captured  by  a  camera  located  far  away.  It  is  important  to  note  that 
each  color  will  reflect  from  a  particular  slope  of  the  free-surface.  Thus,  the  basis  of  the  technique  lies  in  the 
fact  that  different  slopes  of  the  free-surface  are  coded  with  different  colors,  through  the  setup  of  the  color 
palette  and  lens. 


Fig.  2  This  is  the  color  paleue  used  for  color-coding  the  free-surface  slopes.  The  color  palette  can  be  varied  to 
resolve  various  scales  of  the  free-surface  slopes 
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Fig.  3  This  is  a  close-up  of  the  color  reflecuon  from  the  surface.  Note  how  the  different  colors  incident  from 
ilterent  angles  will  reflect  away  into  the  same  direction  depending  on  where  they  hit  the  free-surface. 
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This  is  the  experimental  setup  for  measuring  the  free-surface  deformations  due  to  near  surface  turbulence. 
The  color  palette  and  lens  are  chosen  and  setup  to  respond  to  surface  slopes  from  -4  to  4  degrees.  A  three - 
chip  color  video  camera  captures  the  surface  deformations.  The  images  are  then  recorded  onto  three  laser 
disk  recorders  for  captunng  time-evolving  flows.  Each  laser  disk  recorder  records  one  of  the  three  color 
signals  (red,  green,  and  blue)  of  the  camera,  thereby  increasing  the  bandwidth  of  the  acquired  data.  Finally, 
the  images  are  analyzed  individually  with  the  color  frame  grabber  residing  on  the  computer. 
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f'ig  5  A  picture  ol  the  Iree-surlace  captured  by  a  RGB  color  video  camera.  The  surface  is  deformed  by  the 
turbulence  generated  within  the  volume  of  the  Iluid.  The  images  covers  an  area  of  22  cm  by  15  cm.  Again. 
It  is  necessary  to  emphasize  that  this  picture  and  picture  b  arc  real,  and  are  not  pseudo-colored. 


Fig.  6  A  picture  of  the  frcc-surfacc  captured  by  a  RGB  color  video  camera.  All  specifications  arc  identical  to  those 
given  for  picture  5  except  that  this  picture  was  acquired  1  second  after  picture  5.  Al.so.  circular  color 
patterns  similar  to  the  color  pattern  shown  is  picture  2  arc  seen  showing  the  evolution  of  the  cortex 
connections  with  the  frcc-surfacc  as  compared  with  picture  5. 


jsec 


x>sc!x; 


Fie.  The  three-dimensional  surface  plot  of  the  vortex  reconnection  to  the  frce-surfacc.  This  'dot  show  s  vortex  1 
in  the  boxed  area  of  picture  5.  showing  the  surface  elevation  in  detail. 


Fig  !('  The  three-dimensional  surlacc  plot  of  the  vortex  reconnection  to  the  tree-surface.  This  plot  shows  vortex  1 


111  the  boxed  area  ol  picture  o  showing  the  surface  elevation  in  deuiil,  after  1  second. 
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ANALYSIS 

The  images  arc  acquired  m  ihc  RGB  domain 
However,  analysis  of  the  itaia  in  the  RGB  color  domain  is 
quite  difficult.  Therefore,  analysis  is  done  in  the  HSl 
color-domain  (Zhang,  1993;  Dabiri  and  Charib,  1992). 
Through  the  use  of  a  calibration  image,  colors  arc 
translated  into  slopes  of  the  free  surface.  The 
reconstruction  of  the  surface  elevation  is  done  in  Fourier 
space.  Let  the  Fourier  senes  expansions  of  the  surface 
elevation  and  its  gradients  be  F(kx,  ky),  Fx(kx.  ky).  and 
Fy(kx.  ky)  respectively,  where  kx  and  ky  arc  the  two 
orthogonal  wave  number  components.  Then,  the 
following  relations  hold: 

fT'(x.y)°F(kx,ky) 

f.x^  (x,  y)  °  ikx  F(kx,  ky)  =  Fx  (kx,  ky) 
f\^(x.y)°iky  F(kx.ky)  =  Fy  (kx.  ky) 

where  the  double-headed  arrow  represents  a  Fourier  series 
transformation  and  superscript  T  denotes  the  periodically 
extend  function.  By  multiplying  factors  ikx  and  iky  to  Fx 
(kx,  ky)  and  Fy  (k  x,  ky)  separately,  we  find 

Fx(kx.  ky)  .  (-ikx)  +  Fy  (kx,  ky)  •  (-iky)  =  (kx^  -I-  ky2) 

F(kx,  ky) 

- F(kx,  ky) 

or 

fT  (X,  y)  °  F(k  X,  ky)  =  Exikx JcyljLi^xiif yikxJiyIi 
(likyl 

k2 

The  last  expression  generates  the  elevation  of  the  water 
surface  from  the  transforms  of  the  slope  components. 

APPLICATION  TO  KXPKRIMKNT 

This  technique  is  applied  to  study  the  interaction  of 
turbulence  with  the  frcc-,surfacc.  Figure  4  .shows  the  set¬ 
up  for  the  experiment  in  which  this  technique  is  used.  A 
turbulence-generating  grid  is  dropped  through  a  tank 
filled  with  still  water.  The  parallel  color-generating 
equipment  is  set  up  to  illuminate  the  frcc-surfacc  of  the 
water  tank.  The  color  palette  and  lens  arc  chosen  and  set 
up  to  respond  to  surface  slopes  from  -4  to4  dcgrcc.s.  A  3- 
chip  color  camera  located  far  away  observes  the  color 
reflections  from  the  free  surface.  The  images  arc  recorded 
into  3  laser  disk  recorders,  one  for  each  of  the  3  color 
signals--rcd,  green  and  blue--thereby  increasing  the 
bandwidth  of  the  data  signal.  The  acquisition  is  done  in 
real-time,  thereby  allowing  for  analysis  of  time-evolving 
flows.  After  acquisition,  a  P.C.  ba.sed  color-imagc- 
prcKCssing  system  is  used  to  analyze  the  data  in  order  to 
extraet  the  surfaee  elevations.  This  study  could  have  been 
done  using  the  refractive  mode,  where  the  parallel-color 


generating  equipment  would  be  placed  underwater,  and 
refractions  would  be  observed.  However,  since  the  angle 
of  refraction  is  less  than  the  angle  of  reflection  for  a  given 
angle  of  incidence,  the  rcneciion  mode  is  more  sensitive 
to  the  surface  deformations  than  the  refraction  mode. 
Figures  5  and  6  show  two  sequential  raw  images  acquired 
with  a  0.1  second  time  interval.  It  is  important  to  realize 
that  these  images  are  true  color  images  and  are  not 
p.seudo-colored.  The  images  cover  an  area  of  22  cm  by  15 
cm.  Figures  7  and  8  show  the  surface  elevations 
calculated  from  the  measured  slopes  extracted  from 
pictures  5  and  6,  respectively.  Note  the  evolution  of  the 
vortices  on  the  free-surface.  Vortex  1  has  remained 
stationary  while  its  relative  depression  has  decreased. 
Vortices  3  and  4  (in  figure  7).  within  0. 1  seconds,  have 
begun  to  merge  into  a  larger  vortex  (labeled  vortex  3  in 
figure  8)  with  a  relatively  lower  depression  Figures  9 
and  I't  show  the  3-D  surface  plot  of  vortex  1  shown  in 
figures  7  and  8. 

In  conclusion,  we  have  presented  a  technique  capable 
of  measuring  the  elevation  of  the  free-surface  in  real  time. 
We  have  also  demonstrated  its  capabilities  by  applying 
the  technique  to  study  the  interaction  of  turbulence  with 
the  free-surface. 
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ABSTRACT 

In  this  paper,  an  optical  method  is  presented  for 
determining  the  geometric  characteristics  (film  thickness, 
equation  of  the  external  contour)  of  liquid  films  flowing 
around  a  horizontal  tube.  T\md  techniques  are  used  as  a 
function  of  the  studied  area.  One  of  them  allows  the 
visualization  of  the  film  section  under  the  tube,  and  the  other 
one  permits  the  punctual  measurement  of  the  film  thickness 
around  the  upper  half  circumference  of  the  tube.  Both 
methods  use  Liser-Induced  Fluorescence  (L.I.F.)  and  Image 
Processing  techniques. 


1.  INTRODUCTION 

Knowledge  of  the  geometric  characteristics  of  the 
liquid  film  flowing  arouixl  horizontal  tubes  is  of  great 
interest  to  study  the  mass  and  heat  transfer  in  many  modem 
industrial  equipments  as  radiators  or  condensers.  Concerning 
the  condensation  around  horizontal  tubes,  these 
characteristics,  especially  the  film  thidmess,  ate  calculated 
analytically  by  many  simplified  models  (Nusselt  (1916), 
Shekriladze  (1977),  Rose  (1984)].  These  models,  which 
assume  the  film  to  be  laminar  and  continuous,  give  ocrtect 
results  for  the  calculation  of  the  global  heat  transfer 
coefficients.  Shklover  &  Semenov  (1981)  and  Pritchard 
(1986)  have  studied  experimentally  the  discontinuous  nature 
of  the  condensate  flowing  in  drop  form  and  in  more  or  less 
stable  columns.  Usually,  the  characteristics  of  liquid  films 
flowing  on  flat  plates  are  obtained  experimentally  by 
measuring  the  variation  of  the  electrical  coriduction  through 
the  fluid  (Lyu  &  Mudavar  (1991)]  or  by  surface  contact 
devices.  Tbex  measuring  tedmiques  are  difficult  to  apply  in 
the  case  of  non-flat  walls.  Optical  techniques  have  also  been 
devdoped  for  determining  tte  characteristics  of  a  liquid  film 
in  a  nonintrusive  rtumner.  In  this  way,  techniques  applying 
Laser-Induced  Flumescence  have  been  used  recently  to 
measure  the  thickness  of  a  liquid  film  in  movement  (Driscoll 
et  al.  (1992)],  and  to  visualize  the  whole  section  of  a  liquid 
film  (lowing  between  tvra  rotating  eyfinders  (Decri  & 
Budilin  (1994)]  or  in  narrow  grooves  (Khan  et  al.  (1993)). 
The  latter  method  is  extended  here  to  the  investigatioa  of 
liquid  films  (lowing  around  a  cylindrical  horizontal  tube.  The 


condensate  film  is  produced  artificially.  The  high  diflcrence 
in  the  film  thickness  between  the  upper  and  lower  parts  of 
the  lube  imposes  the  use  of  two  distinct  epical  techniques. 


2.  EXPERIMENTAL  SETUP 
2.1  Flow  System 

The  liquid  film  is  artificially  produced  by  the  flow 
system  shown  in  figure  1. 
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Fig.  1 :  Schematic  representation  of  the  flow  system 


A  horizmtal  tube  (tl’ext  ~  ‘*’int  ~  is  fed  by 

water  vrvxVvt  with  fluorescent  d)«  (fluorescein  or 
rfaodamirie  B)  in  a  weak  proportioo  (concentration  of  about 
50  mg /liter),  which  does  not  significantly  change  the 
{diysical  properties  of  the  water.  This  mixture  flows  out  from 
inside  to  outside  of  the  tube  through  a  set  of  holes  (1  nun 
diameter)  perforated  alrmg  a  line  at  the  upper  surface  of  the 
tube  and  spaced  3  mm  apart  A  pump  ensures  the  circulatian 
of  the  mixture  fiwn  flie  storage  tank  to  the  head  ta^ 
maintained  at  a  ^vwi***"*  level.  The  rmxture  flours  by  gravity 
fiom  this  tank  to  the  inlet  of  the  test  tube.  Flow  regulation  is 
achieved  by  w«w«rt«  of  a  valve  mounted  in  the  ciicoit  The 
mass  flowrate  is  measured  by  weighing  the  fluid  collected  in 
the  ofllector  container. 
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This  study  is  facilitated  bv  mounting  this  tube  on  a  sliding 
support,  which  can  be  translated  to  change  the  studied 
section  during  the  investigation  of  tlic  liquid  film  along  the 
lube  It  may  be  noted  that  we  use  an  unpolished  copper  lube 
in  order  to  facilitate  the  establishment  of  the  liquid  film. 

2  2  Optical  Device  and  Image  Acquisition  System 

llie  film  thickness  is  found  to  vary  strongly  around 
the  tube  circumference  from  top  to  bottom  of  the  tube. 
Consequently,  we  distinguish  between  the  two  studied  zones 
which  are  indicated  in  figure  2.  These  zones  require  for 
mvestigalion  the  use  of  two  different  techniques 


<bm  »  16  mm 


Fig.  2:  Tube  section 


Optical  devices  tequired  in  both  techniques  are  schematized 
in  figures.  Regarding  the  lower  part  of  the  tube,  the 
visualization  of  the  whole  section  of  the  film  is  possible. 
This  visualization  is  obtained  by  integrating  Laser  sheet 
methods  [Prenel  et  ai.  (1988)]  and  Laser-Induced 
Fluorescence  techniques.  The  optical  device  utilized  allows 
the  generation  of  a  vertical  light  sheet  which  illuminates  a 
cross  section  of  the  film  flowing  around  the  tube.  The  light 
beam  issues  from  a  continuous  wave  argon  laser  operating  in 
the  blue  line  (X  =  488  nm,  P  =  1 50  mW).  The  laser  beam  is 
directed  perpendicularly  to  the  tube  axis  with  the  aid  of 
mirrors.  A  spherical  telescope  focuses  the  beam  at  the 
surface  of  the  tube.  A  cylindrical  lens  spreads  this  beam, 
forming  a  thin  laser  sheet  of  a  thickness  of  about  0.3  mm. 
The  intersection  of  this  light  sheet  with  the  water  flow  doped 
with  fluorescein  produces  a  fluorescent  light  section.  This 
section  is  observed  through  a  video  camera  microscope 
(magnification  x  20,  effective  pixels  579  x  583).  The 
presence  of  the  liquid  film  along  the  lower  part  of  the  tube 
between  the  studied  section  and  the  camera  prevents  the 
front  viewing  of  this  section.  As  a  consequence,  the  camera 
makes  an  angle  6  (which  does  not  exceed  1 5*)  with  respect 
to  the  tube  axis.  Furthermore,  as  only  fluorescence  light  must 
be  received,  a  stop-band  filter  (X  =  488  nm)  is  placed  in  front 
of  the  camera  to  remove  the  incident  light.  The  obtained 
images  are  then  digitized  and  processed  by  an  image 
processing  software  (PCSCOPF). 

This  visualization  technique  is  not  applicable  for 
investigating  the  flow  around  the  upper  half  ctrctimference  of 
the  tube,  where  the  liquid  film  is  extremely  thin.  The 
observation  of  such  a  film  requires  a  great  magnification  of 


the  unage  which  is  incompatible  with  the  visualization  ot  the 
whole  section  of  th>?  film.  Consequently,  a  local 
measurement  technique,  also  based  on  the  L.l.F  prmciplc,  is 
used  to  measure  the  liquid  film  thickness  in  this  zone. 
Figure  3  also  presents  the  optical  device  utilized  in  this  case 


Camera  I  1  | 

I _ I  Video  recorder 


Fig.  3;  Visualization  and  image  acquisition  system 


A  spherical  telescope  ensures  the  focalisation  of  the  laser 
beam  at  the  tube  surface.  At  this  surface,  the  focused  beam 
diameter  is  about  0.2  mm.  The  portion  of  liquid  crossed  by 
the  laser  beam  is  observed  from  the  top  by  using  an  assembly 
of  a  video  camera  microscope  and  a  photographic  objective 
with  great  magnification.  This  observation  is  carried  out 
through  a  stop-band  filter  (X  =  488  nm),  and  the  obtained 
image  is  digitized  and  then  analysed  by  the  image  processing 
software. 

During  the  utilization  of  both  techniques,  special 
care  is  taken  into  account  in  locating  the  camera  in  order  to 
realize  correct  centring  of  the  visualized  zone. 


3.  INVESTIGATION  PROCEDURE 

3.1  Investigation  of  the  Liquid  Film  in  the  Lower  Part  of  the 
Tube 

The  visualization  of  the  film  section  obtained  show 
a  distortion  of  the  optical  image  due  to  the  three-dimensional 
effects  and  to  the  film  concavity,  which  acts  as  an  optical 
diopter  and  thus  makes  the  light  rays  deviate  by  refractiim. 
However,  the  repiesentatitm  of  the  front  external  contour  is 
not  deformed,  and  the  back  external  contour  is  deduced  frmn 
symmetry.  On  the  other  hand,  the  dissymmetry  which 
appear'  in  the  images  of  the  film  section  emnes  from  the 
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tilting  angle  0  of  tiic  camera  Iltis  dclbnnalion  is  taken  into 
iiceoiiiU  at  the  tune  of  mathematical  reconstitution  of  tlie 
contour 

The  senes  of  pictures  presented  m  figure  4 
illustrates  the  mam  processes  applied  to  the  oiigmai  image  to 
draw  out  information  concerning  the  liquid  film  geometry 


a.  Thresholded  original  image 


b:  Image  after  applying  a  gradient  operator 


c:  Final  image  after  skeletonizing 

Fig.  4  a-c:  Image  processing  procedure 


In  a  first  step,  the  original  image  m  digitized  and  an 
appropnatc  thresholding  of  tlie  gray  levels  is  applied  to 
remove  the  background  noise  and  to  obtain  a  clear  image 
(figure  4a)  An  edge  detection  is  tlien  achieved  by  applying  a 
gradient  operator  Itiis  operator  extracts  the  edges  of  the 
lines  as  well  as  providing  a  tliin  gray-level  strip  (figure  4b) 
This  picture  is  tlien  converted  to  a  binary  image  m  order  to 
obtain  a  binary  boundary  and  to  extract  the  contour  of  the 
film.  Finally  a  typical  image  of  the  film  obtained  after 
skeletonizing  is  shown  in  figure  4c.  To  obtain  quantitive 
mformation  about  the  liquid  film  geometry,  calibration  is 
required  to  give  the  relationship  between  the  distances 
measured  m  pixels  and  millimeters.  This  calibration  is 
obtained  by  recording  a  reference  object  located  at  the  laser 
light  section  It  is  then  possible  to  determine  for  several 
values  of  the  abscissa  x,  the  distances  h(x)  from  the  contour 
to  a  chosen  reference  line  (here  the  horizontal  tangent  to  the 
bottom  of  the  tube,  as  shown  in  figure  S) 


Fig.  5:  Reference  system 


Knowing  a  sufficient  number  of  points,  a  mathematical 
computation  software  (MATTffiMATICA)  allows 
reconstitution  of  the  contour  curve  (figure  6)  and  deduction 
of  its  mathematical  equation 


Fig.  6:  Reconstitution  of  the  external  contour  of  the  film 
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[1ie  calculation  procedure  takes  into  consideration  die  tilting 
angle  0  of  the  camera  and  gives  the  correct  representation  of 
the  external  contour  of  tlie  film  section  under  tlic  tube 

As  an  example,  the  contour  showTi  in  figures  4 
and  6  can  be  assimilated,  in  Uic  (O.x.N  )  coordinate  SN'slem 
{with  O  taken  at  the  lube  axis),  to  a  curve  of  the  following 
polynomial  equation. 


llie  lime  ongin  t  =  0  is  taken  wlicn  llie  previous  drop 
separates  from  the  lube  Figure  8  regroups  the  mathematical 
reconstitutions  related  to  these  pictures.  Two  mlicction 
pomts  may  be  observed  on  Uie  contour  curve  corresponding 
to  the  ume  t  =  0  76  s  These  inflection  pomts  correspond  to  a 
stnction  of  the  liquid  film  which  appears  m  the  rcgiwi  where 
the  drop  separates  from  the  tube 


where: 


y(x)  =  I  a,  x' 


a^,=  -  1.V7359 
a^  =  0  2648.33 
a„=  -  0  116082 
4^=  -0  0194694 

ag=  0 


a,  =  0 

aj  =  0 

aj=  0.0806921 
07=  -0  00170891 
a,=  4  95046  10-^ 


This  technique  is  proved  to  be  adapted  for 
following  the  temporal  evolution  of  the  liquid  film  in  the 
lower  part  of  the  tube.  Figure  7  piresents  a  senes  of  pictures 
showing  the  formation  of  a  drop  under  this  tube. 


t*  0.32  s 


t  =  0.52  s 


t  =  0.76  s 

Fig.  7:  Tempxiral  evolution  of  the  liquid  film 


Fig  8:  Reconstitutions  of  the  film  contour 
at  t  =  0  32  s,  0.52  s  and  0  76  s 


3.2  Measurement  of  the  Film  Thickness  in  the  Upper  Part  of 
the  Tube 

The  film  thickness  around  the  upper  half 
circumference  of  the  tube  is  detennined  by  a  local 
measurement  technique.  The  use  of  this  technique  is  justified 
by  the  fact  that  the  film  thickness  can  be  considered  ccaistant 
in  this  region  [Nicol  &  Dempsey  (1982)).  For  convenience, 
the  measurements  arc  carried  out  in  the  horizontal  median 
pilane  of  the  tube,  as  shown  in  figure  9. 


Fig.  9:  Measurement  of  the  film  thickness 
in  the  upiper  piart  of  the  tube 
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File  pomon  of  ihe  liquid  film  cros.sed  by  Ihe  laser  beam 
appears  as  a  bright  spot  (figure  10) 


Fig  10:  Visualization  of  the  liquid  film  thickness  in  the 
upper  zone  of  the  tube 


The  film  thickness  cannot  be  obtained  by  direct  measurement 
of  the  spot  length.  Indeed,  the  film  curvature  deviates  the 
light  rays  by  refiaction  and  causes  a  distortion  of  the  optical 
unage.  The  impact  point  1  of  the  laser  beam  at  the  external 
surface  of  the  film  is  the  only  one  observed  without 
distortion  The  film  thickness  is  hence  obtained  by 
measuring  the  distance  from  this  point  and  to  the  dry  tube 
surface  filmed  in  the  absence  of  liquid  film.  Measurements 
are  performed  with  PCSCOPE  software  and  also  require  a 
calibration  to  give  the  relationship  between  the  distances 
measured  in  pixels  and  millimeters. 

This  technique  appears  to  be  relatively  sensitive  as 
illustrated  in  figure  II.  This  figure  presents  three  bright 
spots  related  to  three  diflerent  flow  conditions,  and  shows  an 
increase  in  film  thickness  which  goes  up  from  about  180  pm 
to  330  pm. 


Fig.  11:  Evolution  of  the  liquid  film  thickness 
as  a  function  of  the  flow  conditions 


It  may  be  noted  that  measurements  of  the  film  thickness  must 
be  achieved  rapidly  to  avoid  local  superheating  of  the  liquid 
film  due  to  the  focused  laser  beam. 


4  CONCLUSION 

The  investigation  method  reported  m  this  article 
allows  us  to  study  and  to  characterize  the  geometric  form  of 
liquid  films  flowing  around  a  honzonial  tube  This  method 
integrates  visualization  of  a  film  section  under  the  tube  and 
punctual  measurement  of  the  film  thickness  around  the  upper 
half  circumference  of  this  tube 

In  the  two  cases,  we  combine  the  (winciple  of  the 
Laser-Induced  Fluorescence  (L.IF)  with  the  unage 
processing  techmques  to  extract  the  mathematical  equation 
of  the  external  contour  of  the  film  and  to  measure  tlK  film 
thickness 

It  is  difficult  to  estimate  the  accuracy  of  this 
investigation  technique,  because  of  the  many  parameters  in 
this  procedure.  However,  the  accuracy  here  is  related  directly 
to  Ihe  magnification  of  the  objective  of  the  camera  used  and 
depends  strongly  on  the  measurement  of  the  tiltmg  angle  of 
the  camera 

The  application  of  this  optical  method  gives  the 
possibility  to  follow  the  evolution  of  the  film  geometry  for 
different  flow  conditions.  By  combining  this  technique  with  a 
rapid  video  acquisition  .system,  the  stud\  of  the  separation  of 
the  drop  from  the  tube,  and  the  observation  of  the  drop 
behavior  during  its  fall  are  possible  We  are  now  working  to 
extend  this  method  to  investigate  the  liquid  film  generated 
by  condensation.  It  may  lead  to  a  better  understanding  of  the 
tearing  mechanism  of  droplets  in  tubular  condensers. 
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abstract 

A  non-intrusive  method  is  developed  to  quantify  the 
thickness  of  liquid  fuel  layers  that  cover  the  intake  pipe  walls  in 
port-injected  spark-ignition  engines.  The  technique  is  based  on 
laser-induced  fluorescence,  which  has  been  adapted  for  local 
measurements  through  transparent  walls. 

The  fuel  studied  is  a  mixture  of  iso-octane  and  a  fluorescent 
tracer.  The  tracer  concentration  in  the  liquid  film  may  vary 
because  of  different  evaporation  rates  of  the  two  components. 
The  selection  of  suitable  tracers  in  the  ketone  family  is  based  on 
liquid-vapor  equilibriums. 

The  optical  set-up  uses  a  single  optical  fibre  for  transmission 
of  both  laser  excitation  and  fluorescence.  The  technique  is 
calibrated  on  a  inecise  liquid  wedge.  An  a{^lication  is  realised 
on  a  transparent  pipe,  with  stationary  air  flow  and  pulsed  low- 
pressure  injection.  The  technique  has  proven  to  be  able  to  show 
the  essential  phenomena.  The  impact  of  the  spray,  the  deposition 
of  a  large  quantity  of  fuel  and  the  displacement  of  liquid  waves 
are  quantified  and  followed  with  time. 

INTRODUCTION 

This  work  is  justified  by  the  need  of  a  characterisation  of  the 
injection  of  gasoline  in  the  intake  pipe  of  a  port-injected  spark- 
ignited  engine.  'In  port-injected  engines,  injectors  are  IcxuUed 
very  close  to  the  intake  valves  in  order  to  allow  a  fast  response 
under  transient  conditions;  the  time  available  to  obtain  an 
homogeneous  mixture  of  gasoline  with  air  is  extremely  short. 
Once  the  droplets  are  generated  by  the  injection,  evaporation  and 
convection  may  not  prevent  some  of  the  droplets  from  impacting 
the  wall.  The  largest  droplets  have  particularly  a  small  drag 
coefficient  compved  with  their  inertia  and  go  directly  to  the 
walls.  As  they  transport  a  large  proportion  of  the  injected 
quantity,  a  continuous  liquid  Him  is  formed.  The  primary 
atomisation  can  be  practically  erased  by  the  film  fmmation 
which  acts  as  a  buffer  between  the  injector  and  the  valve  seat. 
This  nim  flows  towards  the  valve  seat,  where  secondary 
atomisation  occim  [1].  This  secondary  atomisation  is  poor,  so 
that  probably  large  liquid  drops  reach  the  walls  of  the 
combustion  chamber  [2].  The  amount  of  liquid  accumulated  on 
the  walls  finally  influences  the  mixture  preparation  inside  the 
combustion  chamber.  The  subset  uent  mixture  quality  determines 
the  unbumed  hydrocarbons  emissMns  (from  liquid  fuel  stocked 
in  piston  crevices),  especially  unde,  cold  conditions,  and  also  the 
combustion  stability  through  the  fuel  distribution  in  the 
combustion  chamber.  In  conclusion,  there  is  a  need  for  a  better 
understanding  of  the  processes  going  on  inside  the  intake 
manifold  of  port-injected  engines.  In  particular,  the  development 
of  the  liquid  fiim  and  its  evolution  towards  the  intake  valve  is  an 
important  mattw. 


We  will  examine  the  different  methods  used  for  measuring 
the  thickness  of  liquid  films.  Then  the  technique  based  on  laser- 
induced  fluorescence  will  be  described.  The  choice  of  the 
fluorescent  tracer  will  be  explained  in  detail.  The  calibration  is 
realised  on  a  liquid  wedge,  and  an  application  on  a  transparent 
tube  with  pulsed  injection  will  demonstrate  the  efficiency  of  the 
technique. 

UQUID  FILM  DUGNOSHC  DEVELOPMENT 

Choice  of  measuring  technique 

A  rather  common  method  employed  for  two-phase  flows 
uses  the  difference  in  conductivity  between  the  liquid  and  the 
gaseous  phase.  Conductivity  probes  mounted  in  a  wall  sense  the 
resistance  of  the  fluid  and,  hence,  the  thickness.  This  method  is 
not  suited  for  liquids  with  weak  conductivity,  as  hydrocarbons 
[3].  In  the  case  of  pure  water,  which  has  also  a  weak 
ccmductivity,  a  c^Mcitance  method  is  applicable  [4]. 
Unfoitunately,  the  dielectric  constant  of  an  hydrocarbon  is  much 
lower  than  that  of  water  :  1.94  for  iso-octane.  78.54  for  water. 
Therefore,  the  c«q>acitance  method  would  be  more  difflcult  to 
apply  to  gasoline  films. 

Optical  methods  look  more  adapted  to  the  measurement  of 
liquid  films.  Absorption  through  the  film  have  already  been  used 
to  determine  the  thickness  of  methanol  films  [5].  This  solution 
needs  i^tical  access  on  both  sides  of  the  film.  Fluorescence  has 
been  used  essentially  for  measuring  the  thickness  of  oil  films  [6, 
7,  8,  9,  10.  11]  or  the  concentration  of  chemical  solutions  (e.g. 
[12]).  With  the  use  of  laser  sources  and  optical  fibres  flush 
mounted  in  opaque  walls,  the  probe  is  practically  non-intrusive. 
For  transparent  walls,  the  optical  system  can  be  very  simple  and 
easily  movable  for  scanning  large  zones.  Only  one  optical  access 
is  needed.  This  is  the  reason  why  we  decided  to  build  such  a 
system. 

IVory  of  fluorescence 

A  volume  of  matter  illuminated  can  absorb  a  part  of  the 
incident  light.  The  molecules  from  this  matter  are  brought  to  an 
excited  level.  When  they  return  to  their  cniginal  energy  level, 
they  can  emit  light  with  the  same  wavelength,  that  is  elastic 
diffusion,  w  with  a  different  wavelength,  almost  always  longer, 
that  is  inelastic  diffusion.  Among  inelastic  diffusions,  we  find 
fluorescence,  in  which  time  is  a  passage  through  an  intermediate 
energy  level.  The  pn^mties  of  the  fluorescent  light  are  : 
omnidirectional,  incoherent,  and  very  often  broad  band  emission. 
The  release  mocess  leading  to  fluorescence  requires  a  time  of  the 
ordo-  of  10'°  seconds.  The  intensity  of  fluorescence  is  described 
by  the  equation  :  F  »  ^/qCI-c*®*^)  where  is  the  quantum 
efficiency.  Iq  the  intensity  of  the  incident  radiation,  e  the  molar 
absorptivity,  b  the  path  length  in  the  liquid  film  and  c  the  molar 
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concentration.  For  small  thicknesses,  absorption  is  not  very 
intense  and  the  equation  can  be  fitted  by  a  linear  function  ; 
F  “  For  these  conditions,  the  fluorescent  intensity  is 

simply  proportional  to  the  thickness  of  the  measured  volume,  to 
the  concentration  of  the  fluorescent  compound,  and  to  the 
excitation  intensity. 

Optical  cooflguratioD 

A  nine  optic  laser  induced  fluorescence  technique  is 
developed,  similar  to  a  previous  one  used  at  I.F.P.  to  determine 
the  thickness  of  oil  films  [13].  In  theory,  the  fluid  can  be 
fluorescent  itself,  or  a  fluorescent  tracer  can  be  added  to  provide 
a  controlled  fluorescence.  The  optical  arrangement  is  suited  for 
transparent  walls  (see  Figure  1). 


Constant  air  flow 


photomultiplier 


Figure  I  :  Optical  set-up  for  laser-induced  fluorescence  using 
’  optical  fibres 

Excitation  is  done  by  a  continuous  laser  He-Cd  whose 
wavelength  (441  nm)  is  suited  for  the  fluorescent  tracer  that  will 
be  selected.  The  laser  light  is  carried  by  an  optical  fibre  and 
focussed  on  the  inner  surface  of  a  transparent  wall.  The  reception 
of  the  fluorescence  light  -located  around  48S  nm-  is  performed  in 
the  reverse  optical  path.  A  dichroic  mirror  separates  the 
fluorescence  fritm  the  excitation  and  directs  it  towards  selective 
optical  filters  and  a  photomultiplier.  The  excitation  intensity  is 
monitored  by  a  photodiode  that  receives  about  1%  of  the  incident 
light  reflected  by  a  beamsplitter. 

Several  filters  are  used  for  extracting  the  useful 
fluorescence :  first  a  band-pass  filter  (Xss48S  nm.  AX=20  nm) 
centred  about  the  maximum  in  the  fluorescence  spectrum  of  the 
selected  tracer;  second  a  long-pass  filter  (A:US5  nm)  for 
attenuating  the  light  at  the  excitation  wavelength,  coming  from 
reflections  in  the  interfaces  ;  beam  splitter,  transparent  wall; 
third,  a  short-pass  filter  (X<S00  nm)  for  excluding 
phosphorescence  from  the  tracer  and  possible  fluorescence  from 
optical  components  and  the  material  of  the  wall. 


Signal  Processing 

The  Aim  thickness  can  be  calculated  from  the  fluorescence 
and  the  excitation  intensity.  The  following  equation  is  used  if 
absorption  is  not  strong  : 


Io(E®)c 


The  requirements  are  the  following.  The  background  light 
which  is  different  from  controlled  fluorescence  by  the  tracer 
needs  to  be  subtracted  jnecisely.  A  precise  calibration  is  needed, 
in  order  to  determiric  the  corre^iondence  between  the  thickness 
and  the  fluorescence  efficiency  for  a  given  tracer  concentration  : 
(e<b)c .  It  must  be  verifled  that  absorption  of  the  excitation  light 
across  the  film  does  not  introduce  a  non-linear  behaviour. 
Finally,  the  tracer  concentration  must  be  constant  in  the  liquid 
film. 

CHOICE  OF  A  FLUORESCENT  TRACER 
Requirements 

The  ev^xiration  process  gives  a  very  restricting  condition  for 
our  application  :  the  compounds  responsible  fra-  fluorescence 
need  to  have  a  constant  concentration  in  the  fllm  under 
eviqmration.  This  is  equivalent  to  say  that  their  concentrations 
are  the  same  in  the  liquid  phase  and  in  the  vapour  phase  with 
respect  to  the  total  concentration  of  fuel;  in  oth«’  words,  that 
they  follow  correctly  the  evaporation  of  fuel. 

Gasoline  does  exhibit  fluorescence  when  exposed  to  blue 
light.  But  very  different  "efficiencies"  are  found  between  all  the 
components.  Factors  of  the  order  of  one  thousand  or  greater  can 
be  easily  found  between  the  main  components  ;  paraffins,  olefins 
and  aromatics.  The  latter  are  the  most  fluorescent  Meueover, 
according  to  an  analysis  performed  at  I.F.P.,  fluorescence  is 
generated  mostly  by  one  molecule,  naphthalene,  which  is  not 
representative  of  the  mean  feature  of  gasoline,  because  its 
boiling  point  is  located  at  217  °C,.  This  temperature  is  quite 
higher  than  the  50%  evapwated  point  of  ordinary  95  octane 
number  gasoline,  which  is  close  to  1()9°C.  A  chemical  analysis 
of  gasoline  has  shown  a  molar  concenttation  of  0.3%  of 
naphthalene  (4].  Furthermore,  the  composition  of  gasoline  is  not 
certified.  In  conclusion,  only  traces  (of  the  order  of  0.1%)  can 
provide  the  largest  contribution  to  the  overall  fluorescence. 

For  these  reasons,  we  ]neferted  to  use  a  well-deflned 
emnponent  that  is  not  fluorescent  at  all,  and  to  add  a  fluorescent 
tracer.  This  way  we  can  at  least  quantify  our  accuracy  ;  the 
equilibrium  between  the  film  and  the  vapour  phase  could 
theoretically  be  determined  exactly.  We  chose  iso-octane  as  fuel, 
because  it  is  a  common  refnence  fuel  with  high  purity  and  easy 
supply.  This  fuel  is  fluorescence  free. 

Ketones  are  widely  used  in  studies  observing  mixing 
processes  in  gaseous  turbulent  jets  [IS]  or  fuel  distribution  inside 
the  cylinder  of  spark-ignition  engines  (16,  17,  18].  Their  use  in 
engine  studies  is  justified  by  a  boiling  point  which  is  relatively 
close  to  that  of  iso-octane  [19],  or  close  to  the  50%  point  of  the 
distillation  curve  of  normal  gasoline.  In  all  these  ^iplications 
they  are  used  in  the  vapour  phase.  The  use  of  aromatics 
compounds,  as  laser  dyes,  used  in  oil  films  m  in  diesel  sprays  is 
excluded  because  of  their  very  high  boiling  points.  By 
comparison,  ketones  have  a  fluorescence  yield  that  is 
approximately  1(XX)  times  lower  than  aromatics  compounds. 

The  fluorescence  from  ketones  comes  from  their  C=0 
carbonyl  bond  (20].  Mono-ketones  have  one  isolated  carbonyl 
bond.  Their  absorption  is  maximum  near  270  nm,  and  changes 
slightly  with  the  molecule.  The  fluorescence  spectrum  ranges 


from  330  nm  to  630  nm  with  a  maximum  near  430  nm.  Teals 
realised  in  our  laboratory  showed  a  maximum  fluorescence  of  3- 
pentanone  with  an  excitation  around  300  nm.  Fluorescence  is 
divided  by  2  with  excitation  at  27S  nm  or  330  nm,  and  divided 
by  23  with  an  excitation  at  330  nm. 

a-Diketones.  as  biacetyl,  are  molecules  with  two 
neighbouring  carbonyl  bonds.  The  conjugaison  of  the  two  bonds 
shifts  markedly  the  absorption  band  to  440  nm,  in  the  visible 
range.  This  allows  the  use  of  numerous  materials  for  the  walls. 
For  our  concern,  plexiglas  is  commonly  used  in  transparent 
models  of  pipes  or  cylinder  heads.  It  does  not  allow  transmission 
of  UV  light.  This  is  why  a-diketones  are  interesting.  Moreover, 
continuous  lasers  near  440  nm  are  much  more  affordable  than 
those  near  300  nm. 

One  could  classify  the  ketones  by  their  boiling  point  and 
choose  that  with  the  boiling  point  closest  to  iso-octane.  This 
would  simply  insure  that  iso-octane  and  the  ketone  have  similar 
pressure  vapour  curves  versus  temperature.  When  mixed 
however,  the  two  compounds  do  not  behave  as  if  they  woe 
separated.  Repulsive  molecular  interactions  disturb  their 
respective  equilibrium  with  the  vapour  phase.  The  most  visible 
effect  is  the  formation  of  a  lower  azeotrope.  This  phenomenon 
can  be  seen  as  an  expulsion  of  the  minority  compound  from  the 
liquid  to  the  vapour  phase  by  the  majority  compound.  On 
principle,  the  tracer  concentrations  used  are  low.  So,  the  tracer 
v^ur  pressure  with  a  tracer/iso-octane  liquid  mixture  is  higher 
than  with  the  pure  liquid  tracer.  The  practical  consequence  is  a 
higher  evaporation  rate  of  the  tracer  than  expected  according  to 
its  pressure  curve.  The  tracer  whose  evaporation  follows  iso¬ 
octane  needs  to  have  a  higher  boiling  point  than  iso-octane.  This 
results  in  a  lower  viqxHir  pressure  and  tends  to  compensate  for 
the  repulsive  forces  exerted  by  iso-octane.  A  list  of  possible 
tracers  is  given  in  Table  1  with  their  boiling  points. 


molecule 

boiling  point 
CQ 

type 

iso-octane 

99 

alcane 

3-pentanone 

102 

mono-ketone 

4-methvl  2-pentanone 

117 

" 

2-hexanone 

127 

2,3  butanedione 

88 

a-diketone 

2.3  pentanedione 

108 

2.3  hexanedione 

130 

Table  I :  List  <tf  possible  tracers 


Uqnid  vapour  equilibriums 

The  liquid/vapour  phase  equilibrium  was  completely 
calculated  for  3-pentanoneAso-octane  mixtures.  The  boiling 
pc^t  of  3-pentanone  is  103*C,  that  of  iso-octane  99*C.  The 
foltowing  result  is  obtained  :  at  low  concentrations  the  molar 
fraction  of  3-pentanone  in  the  v^wur  phase  is  twice  that  in  the 
liquid  phase  (Figure  2).  This  is  observed  for  concentrations  of  3- 
pentanone  lower  than  3%  and  for  temperatures  between  298K 
and  373K.  Certainly  3-pentanone  concentration  will  rtqtidly 
decrease  in  a  liquid  film  under  ev^xiration. 

In  the  following  discussion,  we  will  call  discriminafron 
coefficient  the  ratio  between  the  concentration  of  ketone  in  the 
vapour  phase  and  that  in  the  liquid  phase,  relatively  to  the 
concentratkms  of  iso-octane  in  each  phase.  If  this  coefficient  is 
larger  than  1,  the  tracer  concentration  decreases  in  the  liquid 
phase  during  evaporation.  If  it  is  lower  than  1,  the  tracn 


concentration  increases  in  the  liquid  phase.  Figure  3  illustrates 
the  discriminated  evaporation. 


[3— pentanone]  liquid 

Figure  2  :  Liquid/vapour  equilibrium  iso-octane  -f  3-pentanone 


Evaporated  quantity 
Liquid  phase 


Figure  3  :  Definition  cf  diserminated  evaporation 


5  nZ,  where  x  stands  for  iso-octane  and  y  for  the  tracer. 
dx  X 

a  is  called  the  discrimination  coefficient  between  the  two  phases. 
Assuming  that  this  coefficient  is  constant,  as  practically 
observed  with  3-pentanoiie,  one  can  integrate  the  equation  vctsus 
X,  the  iso-octane  quantity,  and  obtain  the  evolution  of  the  tracer 
concentration  versus  the  remaining  liquid  fraction  : 


We  will  detennine  the  values  of  the  discrimination 
coeffreient  for  the  most  suitable  tracers  whose  coefficients  are 
probably  close  to  unity. 


Calculations  of  the  UquidAriqxnir  equilibrium  are  possible 
only  for  mono-ketones.  Interaction  betwm  the  carbonyl  bonds 
in  a-diketones  cannot  be  included  in  the  chemical  models  at  this 
time.  We  have  seen  that  pentanone  is  a  loo  light  compound  for 
tracing  the  evaporation  of  iso-octane.  Thus,  we  made 
calculations  with  two  hexanones  :  2-hexanone  and  4-methyI  2- 
pentanone.  Rgure  4  shows  the  equilibriums  for  iso-octane  34L 
ketone  mixtures.  It  is  observed  that  the  ideal  behaviour  is 
approached  by  2-kexaiione.  One  can  notice  that  die  concentration 
in  the  vapour  phase  changes  rapidly  with  die  boiling  point. 
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temperature  (K) 

Figure  4  :  Liquid/vapour  equilibrium  calculated  for  three 
tracers,  mixtures  iso-octane  +  5%  ketone 


Experiments  have  been  conducted  to  validate  the  calculations 
with  mono-ketones  and  to  provide  data  with  one  a-diketone, 
2.3  hexanedione,  which  was  guessed  to  be  a  satisfactory  tracer.  A 
continuous  air  flow  is  introduced  in  a  bubbler  containing  a 
mixture  of  iso-octane  with  5%  ketone.  Some  samples  are  taken 
for  analysis  as  evaporation  goes  along.  Then,  from  the  initial 
concentration,  the  remaining  quantity  and  the  new  concentration, 
the  discrimination  coefficient  is  determined.  The  final  results  at 
20°C  are  presented  in  Table  2. 

The  accuracy  is  about  O.OS  for  both  calculated  and 
experimental  values.  The  agreement  between  calculations  and 
experiments  is  satisfactory.  The  difference  between  hexanone 
and  hexanedione  is  not  important  The  best  tracer  at  this  moment 
is  2.3  hexanedione  for  an  application  in  the  visible  range  with 
iso-octane.  No  perfect  matching  of  a  tracer  can  be  achieved. 


tracer 

calculated  a 

measured  a 

3-pentanone 

1.8 

2.19 

2-hexanone 

0.8 

0.8 

2.3  hexanedione 

not  available 

0.75 

Table  2  :  Discrimination  coefficients,  20*C, 
mixtures  iso-octane  +  5%  ketone 


Error  Analysis 

An  error  analysis  is  now  possible,  based  on  the 
discrimination  coefficients.  If  the  tracer  concentration  decreases 
in  the  evaporating  liquid  film,  the  situation  worsens  as  the  liquid 
quantity  decreases.  Figure  5  shows  that  the  tracer  concentration 
diverges  progressively  from  the  original  one  as  evaporation  goes 
along. 

Let  us  consider  again  the  fluorescence  technique.  If  it  is 
assumed  that  the  concentration  is  constant,  an  error  is  introduced 
in  the  determination  of  the  liquid  amount,  or  the  equivalent  film 
thickness.  The  absolute  error  on  the  liquid  amount  is  ; 

f  r 
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X 
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This  enor  is  proportional  to  the  amount  of  liquid  x.  If  we 
divide  this  error  by  the  initial  liquid  amount,  we  obtain  the 
following  relative  error : 


Figure  6  shows  that  the  relative  normalised  error  passes  by  a 
minimum  during  evaporation.  Discrimination  coeffrcients  of  0.8 
and  1.2  lead  to  estimated  maximum  errors  about  7  %  of  the 
initial  liquid  amount  A  discrimination  coefficient  of  2.  gives  a 
unacceptable  error  of  2S%  of  the  initial  liquid  amount  From  this 
error  analysis  we  can  conclude  that  2-hexanone  and 
2.3  hexanedione  follow  correctly  the  evaporation  of  iso-octane. 


Liquid  fraction 


Figure  5  :  Evolution  of  tracer  concentration  versus 
discrirmnation  coefficient 


Liquid  fraction 

Figure  6  :  Evolution  of  relative  error  made  on  liquid  amount 
when  assuming  constant  tracer  concentration 
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CAUBRATION 


Calibration  set-up 

To  calibrate  the  technique,  it  is  important  to  create  very 
precise  thicknesses  of  the  order  of  those  found  in  common 
situations.  We  use  a  wedge  illustrated  in  Figure  7  that  is  formed 
by  two  superposed  flat  quartz  plates  separated  by  a  scheme  on 
one  side.  The  flatness  and  the  roughness  of  the  surfaces  are  thus 
controlled.  The  thickness  varies  linearly  from  0  to  SOO  microns 
from  one  side  to  the  other.  The  displacement  of  the  measurement 
volume  along  the  horizontal  plane  is  done  by  a  motion  controller 
unit  whose  accuracy  is  about  1  pm. 

The  influence  of  temperature  on  fluorescence  was  not 
investigated  in  this  work.  It  could  be  introduced  as  a  factor 
changing  the  gain  of  the  calibration  curve. 


0.58  mm 
(»mr 
82  mm 


optical  fibre 


focusing  lenses 


measurement  volume 


I  quartz  windows 

liquid  wedge 

iso-octane/katone  mixture 
Figure  7  :  Calibration  wedge 


Calibration  procedure 

Measurements  are  done  at  locations  corresponding  to 
increasing  thicknesses  with  a  step  of  20  microns,  from  20  to 
S40  microns.  The  acquisition  lasts  for  1  second  without 
excitation  and  1  second  with  excitation.  The  mean  level  before 
excitation  is  an  offset  reference  for  the  two  signals.  Then,  the 
maximum  in  the  photomultiplier  signal  is  only  kept,  and  divided 
by  the  excitation  intensity.  The  following  expression  summarises 
the  data  processing  ; 

maxfsignalT )  -  signal] 

Iaser2  -  laser] 

'signal'  represents  the  P.M.  signal,  'laser'  the  laser  intensity 
signal.  Index  1  indicates  the  First  part  of  the  record,  without 
excitation,  that  is  the  offset.  Index  2  indicates  the  second  part 
with  excitation.  Despite  the  filters,  background  light  is  always 
present,  probably  additional  fluorescence  from  optical 
components  made  of  glass,  and  excitation  light  reflected  on  the 
optical  interfaces.  A  test  is  done  with  pure  iso-octane,  which 
allows  quantification  of  the  background  solely. 

background^  -  background, 

^background  ~  ---l. 

laser: -lasH-i 

The  final  normalised  useful  fluorescence  is  the  normalised 
fluorescence  signal  corrected  by  the  normalised  background  : 
^fluorescence  ~  ^signal  ~  ^background 

After  a  complete  path  on  the  quartz  window  and  after 
processing,  the  data  are  plotted  in  a  graph  versus  film  thickness. 


Calibration  results 

Three  tracers  were  tested  :  2.3  butanedione  (also  called 
biacetyl),  2.3  pentanedione,  and  2.3  hexanedione.  Calibrations 
with  1%,  2%  and  4%  butanedione  are  shown  in  Figure  8.  The 
graph  shows  a  good  linearity  of  the  fluorescence  intensity  with 
respect  to  the  film  thickness.  The  fluorescence  increases  with  the 
tracer  concentration,  as  expected,  but  with  4%  butanedione.  a 
stronger  absorption  of  the  laser  light  does  not  allow  to  use  a 
linear  curve  fitting.  A  second  order  fit  is  more  accurate  in  this 
case.  Such  a  fit  could  also  be  used  for  increasing  the  accuracy  of 
thicknesses  smaller  than  300  microns  for  every  concentration. 
From  this  variation  of  concentration,  the  conect  concentration  of 
butanedione  is  2%,  for  the  (0-300  microns]  thickness  range. 


thickness  (microns) 

Figure  8  :  Calibrations  with  mixtures  isooctane 
+  1%,  2%  and  4%  butanedione 

The  same  tests  were  done  with  two  other  tracers  : 
2.3  pentanedione  and  2.3  hexanedione.  Figure  9  shows  the 
calibrations  obtained  with  these  tracers,  with  concentrations  of 
2%  and  4%.  With  both  tracers,  a  concentration  of  2%  gives  a 
lower  fluorescence  intensity  than  with  butanedione.  A 
concentration  of  4%  is  required  in  order  to  get  sufficient 
intensities.  A  lower  absorption  is  obtained,  thus  the  correct 
operating  concentration  of  pentanedione  and  hexanedione  is  4%. 

We  verified  that  either  quartz  or  plexiglas  can  be  used  in  a 
model  of  intake  pipe  or  cylinder  head.  Using  an  upper  window 
made  of  plexiglas  instead  of  quartz  in  the  calibration  wedge  does 
not  modify  the  fluorescence  signal  significantly.  Figure  10  shows 
calibrations  made  with  the  same  mixture  iso-octane  -i-  4% 
hexanedione  with  a  quartz  and  a  plexiglas  window.  No  additional 
background  is  added  by  using  plexiglas.  The  results  are 
encouraging  and  show  the  possibility  of  using  plexiglas  instead 
of  quartz. 
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thickness  (microns) 

Figure  9  :  Calibrations  with  mixtures  isooctane 
+  4%  penianedione,  2  and  4%  hexanedione 


thickness  (microns) 

Figure  10  :  Calibrations  with  a  mixture  isooctane 
+  4%  hexanedione  with  a  plexiglas  wall  and  with  a  quartz  wall 


APPLICATION  TO  A  MODEL  INTAKE  MANIFOLD 
Description 

The  goal  is  to  test  the  measurement  technique  in  a  situation 
similar  to  the  intake  pipe  of  an  engine  under  cold  conditions.  The 
test  pipe  is  cylindrical  and  made  of  quartz.  Its  inner  diameter  is 
36  mm.  It  is  inclined  30  degrees  with  respect  to  the  horizontal.  A 
constant  air  flow  is  introduced  in  the  pipe  at  atmospheric 
pressure.  A  standard  injector  BOSCH  EV  1.3  A  is  fixed  to  it, 
directing  the  spray  with  an  angle  of  4S  degrees  with  respect  to 
the  tube  axis.  Injection  is  pulsed  as  in  a  port-injected  engine.  The 
fuel  is  supplied  at  3  bars.  The  monitoring  system  controls  the 


injection  duration  and  frequency.  A  PC  synchronisation  board 
generates  coding  signals  and  injection  control  pulses  as  a  shaft 
encoder  would  do.  This  allows  to  simulate  engine  conditions. 

Operating  condition 

One  condition  is  tested  to  assess  the  performance  of  the 
measuring  technique.  The  air  flow  rate,  the  injection  frequency 
and  the  injected  quantity  are  representative  of  the  simulated 
engine  condition  reported  in  Table  3. 


disol.  volume 

441  cm-* 

engine  speed 

12(X)rpm=  10  Hz 

vol.  efficiency 

0.8 

fuel/air  eq.  ratio 

1 

injection  duration 

94  CAD  =  13  ms 

injected  quantity  per  shot 

43  mm-* 

air  flow  rate  (0®C.  1(P  Pa) 

0.211  m-*/min 

Table  3  :  Simulated  engine  condition 


Experimental  procedure 

The  measuring  probe  attached  to  the  optical  fibre  is  simply 
moved  from  the  calibration  wedge  to  the  pipe.  We  observed  that 
background  light  changes  with  time  for  these  unstationary 
measurements.  I^obably  feedback  occurs  between  reflections 
and  liquid  film  because  we  have  an  open  film.  Thus,  a  correction 
is  necessary  for  each  measurement  location  versus  crank-angle 
degree  (CAD).  For  this  purpose,  each  test  is  repeated  a  second 
time  with  pure  iso-octane,  which  allows  quantification  of  the 
background  solely.  The  acquisition  and  processing  procedures 
are  the  same  as  those  used  for  the  calibration  except  that  the 
signal  and  the  background  are  functions  of  CAD.  The 
fluorescence  signal  is  obtained  by  normalising  by  the  laser  power 
and  by  subtracting  the  normalised  background.  This  signal  is 
transformed  to  a  thickness  signal  by  inverting  the  equation 
determined  by  the  calibration. 

Comparison  between  three  tracers 

First,  the  three  tracers  were  compared  at  one  location, 
250  mm  downstream  from  the  impact  zone  of  the  spray.  At  this 
point,  the  liquid  film  is  almost  stabilised;  there  is  a  strong  liquid 
stream  on  the  lower  side  wall  of  the  tube.  Before  forming  this 
stream,  evaporation  has  certainly  affected  the  liquid  film.  The 
ensemble  mean  film  thicknesses  are  shown  in  Figure  11.  It  is 
clear  that  2,3  butanedione  gives  a  wrong  information.  Its 
concentration  has  certainly  decreased  by  more  than  30%  along 
the  liquid  stream.  With  2,3  pentanedione,  the  situation  is  not  yet 
acceptable.  A  change  of  10%  in  concentration  can  be  inferred 
when  comparing  with  2.3  hexanedione.  The  latter  tracer  is 
supposed  to  give  the  most  precise  estimation  of  the  real  film 
thickness. 

Scan  of  the  tube 

A  mixture  iso-octane  +  4%  hexanedione  is  used  for  scanning 
the  tube  in  the  region  where  the  spray  impinges  the  wall.  Figure 
12  displays  the  measurement  locations;  the  axial  step  is  IS  mm, 
the  radial  step  is  10  degrees.  A  translation  and  a  rotation  stages 
allow  displacement  of  the  probe  throughout  the  entire  pipe. 

Some  curves  are  reported  at  locations  lying  on  the 
intersection  line  between  a  vertical  plane  and  the  bottom  of  the 
tube  (on  the  side  opposite  to  the  injector).  We  present  ensemble 
mean  cycles  calculated  over  100  injection  cycles  in  Figure  13.  In 
the  upstream  region,  the  impact  of  the  sf^ay  is  clearly  shown.  A 
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delay  between  the  onset  of  injection  and  the  increase  of  the  Film 
thickness  is  visible.  The  injection  duration  is  also  detectable  in 
location  3.  The  film  thickness  gradually  increases  downstream. 
The  arrival  of  the  spray  on  the  pipe  wall  clearly  generates  a  peak 
which  is  transformed  into  a  wave  in  location  6.  This  wave  is 
moving  downstream  under  the  influence  of  air  flow  and  gravity. 
The  film  velocity  can  be  determined  from  the  time  delay  of  the 
wave  peak  between  two  locations.  The  wave  is  not  yet  damped  at 
a  distance  of  100  mm  from  the  impact  zone. 

A  map  of  the  total  mean  film  thickness  is  shown  in 
Figure  14.  The  x-axis  is  a  symmetry  line.  The  film  is  spread  on  a 
large  area  in  the  impact  zone.  This  area  becomes  narrower  and 
the  thickness  increases  when  the  liquid  is  flowing  down.  A 
snrong  stream  is  finally  formed  in  the  bottom  of  the  tube,  with  a 
thickness  of  2S0  microns. 
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Figure  JJ  :  Ensemble  mean  film  thickness  using  3  tracers  : 
butanedione.  pentanedione  and  hexanedione.  location  250  mm 
downstream  the  injector 


Figure  12:  Test  pipe  with  measuremerd  locations 


CONCLUSIONS 

Evaporation  of  liquid  films  inside  intake  pipes  of  gasoline 
engines  makes  the  measurement  of  their  thickness  by  laser- 
induced  fluorescence  difficult.  The  fluorescent  tracer  used  has  to 


be  matched  to  the  fuel  studied,  here  iso-octane,  in  order  that  its 
concentration  in  the  liquid  film  keeps  the  most  constant  possible. 
The  best  tracers  found  in  the  ketone  family  are  2-hexanone  and 
2,3  hexanedione.  The  latter  was  selected  because  it  is  excitable 
in  the  visible  range. 

Excitation  light  at  441  nm  is  carried  by  an  optical  filH-e  and 
focussed  on  the  inner  surface  of  a  transparent  wall.  Collection  of 
fluorescence  light  around  48S  nm  is  performed  in  the  reverse 
optical  path.  A  dichroic  mirror  separates  the  fluorescence  from 
the  excitation  and  directs  it  towards  optical  filters  and  a 
photomultiplier.  The  excitation  intensity  is  monitored  by  a 
photodiode. 

The  fluorescence  is  calibrated  on  a  precise  liquid  wedge 
which  makes  the  thickness  vary  from  0  to  SOO  microns.  The 
working  tracer  concentration  is  4%  by  mass,  which  showed 
sufficient  fluorescence  yield  and  weak  absorption  by  the  liquid, 
i.e.  linear  response  with  film  thickness  up  to  300  microns. 

An  application  of  the  technique  is  realised  on  a  model  intake 
pipe  ;  a  stationary  air  flow  inside  an  inclined  straight  pipe,  and 
pulsed  low-pressure  injection.  Three  tracers  with  different 
boiling  points  ate  tested.  It  is  confirmed  that  matching  the  liquid- 
vapor  equilibrium  of  the  tracer  to  iso-octane  is  of  great 
importance,  even  under  cold  conditions.  The  technique  has 
proven  to  be  able  to  show  very  interesting  phenomena.  The 
impact  of  the  spray,  the  deposition  of  a  large  quantity  of  fuel  and 
the  displacement  of  liquid  waves  are  typically  quantified  and 
followed  with  time.  The  technique  accommodates  to  plexiglas 
models. 
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ABSTRACT 

A  laser-induced  fluorescence  (LIF)  technique  has 
been  developed  to  measure  vertical  concentration  pro¬ 
files  of  dissolved  gases  in  the  aqueous  mass  boundary 
layer  at  a  wavy  interface.  An  optical  wave  follower  is 
used  to  track  tne  surface  with  a  CCD  camera. 

One  dimensional  time  series  of  vertical  concen¬ 
tration  profiles  with  a  temporal  and  spatial  resolution 
of  2  ms  and  30  ^m,  respectively  have  been  measured 
at  the  circular  wind/ wave  facility  at  the  Institute  for 
Environmental  Physics,  University  of  Heidelberg  at 
low  and  medium  wind  speeds  ranging  from  2.4  to  4.6 
m/s.  The  boundary  layer  shows  substantial  variations 
in  thickness.  The  time  series  also  reveal  large  eddies 
sweepiM  parts  of  the  boundary  layer  down  into  the 
bulk.  From  these  time  series,  mean  vertical  profiles 
are  computed.  The  mean  boundary  layer  thickness 
and  the  transfer  velocity  are  determined. 

1  INTRODUCTION 

Despite  of  significant  experimental  and  theoreti¬ 
cal  efforts  the  mechanisms  controlling  the  transfer  pro¬ 
cesses  across  a  gas/liquid  interface  are  only  superfi¬ 
cially  understood.  It  is  still  state-of-the-art  to  use  var¬ 
ious  disturbed  equilibrium  methods  to  determine  mean 
flux  densities  across  the  interface.  Unfortunately  these 
techniques  cannot  give  much  insight  into  the  mecha¬ 
nisms.  For  example,  Jahne  (1989)  showed  that  it  is 
impossible  to  distinguish  large-scale  eddy  (surface  re¬ 
newal)  models  from  multi-stage  eddy  diffusivity  mod¬ 
els  with  these  techniques  even  if  the  Schmidt  number 
dependency  is  measured  by  multitracer  experiments. 

This  paper  describes  a  laser-induced  fluorescence 
technique  which  measures  vertical  concentration  pro¬ 
files  within  the  aqueous  mass  boundary  layer  with  a 
very  high  spatial  and  temporal  resolution.  The  fun¬ 
damentals  of  the  technique  used  here  have  already 
been  described  in  earlier  papers  by  J&hne  (1991)  and 
Jfihne  (1993).  Here  experimental  results  of  the  one¬ 
dimensional  technique  are  presented. 

2  THE  AQUEOUS  MASS  BOUNDARY  LAYER 

The  transfer  of  moderately  soluble  and  slowly 
reacting  gases  is  controlled  by  a  thin  aqueous  mass 
boundary  layer.  This  layer  is  in  the  order  of  20  - 


200  pm  thick,  roughly  one  order  of  magnitude  less 
than  the  viscous  sublayer.  Mass  transport  through 
this  layer  is  described  as  an  interplay  between  molec¬ 
ular  and  turbulent  processes.  Boundary  layer  models 
usually  describe  the  turbulent  transport  part  either  by 
a  turbulent  diffusion  coefficient  (K  model)  caused  by 
small  eddies  (Coantic  (1986))  or  by  statistical  renewals 
of  the  surface  layer  by  large  eddies  (SR  model)  (e.g. 
Mtinnich  and  Flothmann  (1975)).  Without  any  as¬ 
sumption  about  the  transport  mechanism  one  can  de¬ 
fine  the  transfer  velocity,  k,  and  the  characteristic  ver¬ 
tical  length  scale  {boundary  layer  Sickness)  z,.  The 
transfer  velocity  is  given  as  the  ratio  of  the  flux  den¬ 
sity,  j,  and  the  concentration  difference  between  the 
very  surface  and  some  suitable  reference  depth: 


The  boundary  layer  thickness  z,  is  given  as  the  depth 
at  the  intersection  of  the  tangent  to  the  concentra¬ 
tion  profile  at  the  water  surface  and  the  reference  con¬ 
centration  level.  The  steepness  of  this  tangent  at  the 
water  surface  can  be  directly  related  to  the  fiux  den¬ 
sity  across  the  water  surface.  At  the  very  surface  the 
influence  of  turbulent  transport  has  to  vanish.  This 
assumption  is  independent  of  any  modeL  especially  it 
is  also  valid  for  surface  renewal  models.  This  is  simply 
caused  by  the  fact  that  a  diffusive  flux  scales  with  the 
distance  squared.  For  short  distances  it  overcomes  the 
influence  of  any  turbulent  transport,  and  so  also  of  sur¬ 
face  renewal  when  averaged  over  time  (J&hne  (1993)). 
With  this  property  we  can  apply  Fick's  first  law  for 
diffusion: 


AC  DAC  D 


(2) 


Measurements  of  the  mean  concentration  pro¬ 
files  within  the  aqueous  mass  boundary  layer  mve  a 
direct  measurement  of  the  boundary  layer  thi^ess 
and  according  to  eq.  1  the  transfer  veloaty.  The  rela¬ 
tion  of  boundfary  layer  thicknesses  of  different  tracers 
measured  under  the  same  conditions  is  since  given  by 
J&hne  (1985): 


(3) 
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where  the  indices  1  and  2  denote  the  different  trac¬ 
ers  and  n  is  the  relevant  Schmidt  number  exponent. 
Jahne  (1989)  showed  that  in  contrast  to  mass-balance 
based  measurements  of  the  transfer  velocity,  vertical 
profile  measurements  can  distinguish  different  concep¬ 
tual  models,  since  they  result  in  different  concentration 
profiles  (see  figure  7).  Also  statistical  fluctuations  on 
short  time  scales  predicted  by  several  models,  e.g.  by 
McCready  et.  al.  (1986),  could  be  detected  by  investi¬ 
gating  time  series  of  measurements  within  the  aqueous 
mass  boundary  layer. 

3  CONCENTRATION  MEASUREMENTS  WITH¬ 
IN  THE  AQUEOUS  MASS  BOUNDARY  LAYER 


Fig.  1:  Schematic  representation  of  the  vertical  con¬ 
centration  profiles  at  the  air-water  interface,  when  HCl 
is  absorbed  by  a  buffer  solution. 


High-resolution  concentration  profile  measure¬ 
ments  at  the  water  surface  require  non-contact  opti- 
Ced  techniques.  So  far,  exclusively  laser-induced  flu¬ 
orescence  (LIF)  techniques  have  been  used.  While 
Wolff  et.  al.  (1991)  measured  oxygen  profiles  via  the 
quenching  of  fluorescence  by  oxygen,  the  technique 
used  here  effectively  replaces  the  flux  of  the  gas  across 
the  boundarv  layer  by  the  flux  of  a  fluorescent  pH  indi¬ 
cator.  This  has  the  advantage  of  a  significantly  better 
signal  to  noise  ratio  compared  to  the  oxygen  quenching 
technique. 

Using  such  a  system  requires  that  the  fluores¬ 
cent  light  is  directly  proportional  to  the  concentration 
of  the  tracer  tran^orted  through  the  aqueous  mass 
boundary  layer.  The  simplest  chemical  system  that 
can  meet  this  requirement  is  a  buffer  solution  contain¬ 
ing  both  forms  of  a  fluorescent  pH  indicator,  denoted 
here  as  HR  and  R~ ,  in  equal  concentrations.  The  fol¬ 
lowing  equilibrium  holds: 
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Fig.  2:  Intensity  of  fluorescent  light  versus  concentra¬ 
tion  of  the  doubly  charged  ffuorescein  anion. 


=  Ku  (4) 

where  A'i  is  the  equilibrium  constant  of  the  fluorescent 
indicator.  Therefore  equal  concentrations  of  HR  and 
R“  are  given  for  a  pH  value  equal  to  the  pA'j  value. 
The  transfer  process  is  initiated  by  injecting  traces  of 
an  alkaline  or  acid  gas,  e.g.  NH3  or  flCl,  into  the  air 
space  of  a  wind /wave  flume.  The  gas  is  quickly  trans¬ 
ported  to  the  air/water  interface,  where  it  promptly 
dissociates.  Using  data  from  Yam  et.  al.  (1988)  cal¬ 
culations  show  that  within  the  first  0.5  ^xra  99%  of  the 
HCl  gas  gets  dissociated.  So  at  the  very  water  sur¬ 
face  the  R~  gets  instantaneously  protonated  into  HR. 
This  process  constitutes  a  sink  for  R~  and  a  source  for 
HR  resulting  in  a  concentration  difference  across  the 
aqueous  mass  boundary  layer  (see  figure  1).  Using  eq. 
1  the  flux  densities  are  therefore  given  by 

ju,  =  AlHR]  =  A\R-]  =  ja  =  fcalHCl]  (5) 

The  H"''  concentration  adjusts  in  such  a  way  that  the 
chemical  equilibrium  is  maintained  everywhere,  but 
since  HR  and  R“  are  much  more  abounded  than  H+ 
(at  least  two  orders  of  magnitude)  no  significant  con¬ 
centration  changes  in  the  bulk  occur  for  HR  and  R~ 
due  to  this  reaction.  The  essential  fact  is  that  no  sig¬ 
nificant  chemical  reactions  occur  while  the  ions  and 
molecules  are  transported  across  the  boundary  layer. 
In  conclusion,  HR  and  R“  behave  in  the  bulk  just  like 
an  inert  gas  tracer  except  for  a  different  molecular  dif¬ 
fusion  constant.  The  R~  concentrations  are  obtained 


by  measuring  the  intensity  of  the  fluorescent  light. 

For  the  fluorescent  indicator  fluorescein  used 
here  the  intensity  of  the  fluorescent  light  is  propor¬ 
tional  to  the  concentration  of  the  doubly  charged  an¬ 
ion  over  a  wide  range  of  intensities.  Since  fluorescein  is 
used  at  its  second  pA*  value  all  the  conclusions  made 
above  hold  if  HR  and  R“  are  replaced  by  HR"  and 
R^"  respectively.  Assuming  a  10"®  M  fluorescein  so¬ 
lution,  the  maximum  usable  change  in  concentration 
of  the  doubly  charged  anion  would  be  3  x  10"®  mol/1  to 
stay  within  the  linear  region  of  2.  This  concentration 
change  is  brought  about  by  less  than  0.2  ppm  HCl  in 
the  air  space. 

4  ID-MEASUREMENTS 

Measurements  were  performed  in  the  circular 
wind/wave  facility  at  Heidelberg  University.  This  fa¬ 
cility  consists  of  a  30  cm  wide  and  70  cm  high  gas-ti^ht 
annular  channel  with  an  outer  diameter  of  4  m.  Wind 
was  generated  by  a  rotating  paddle-ring  driven  by  24 
small  DC  motors.  The  channel  is  filled  up  to  a  height 
of  25  cm;  so  the  water  and  air  volumes  are  0.88  and 
1.6  m®,  respectively. 

fluorescein  was  added  to  the  deionized  water 
(conductivity  <  1  pS)  to  form  a  2  x  10"®  M  solution 
which  was  titrated  to  its  buffer  point  at  pH  7  (equal 
concentrations  of  HR  and  R",  see  eq.  4).  At  the  begin¬ 
ning  of  each  experiment  about  2.5  -  3.5  Ncm®  of  HCl 
were  injected  into  the  air  space  resulting  in  an  initial 
concentration  of  about  2  ppm.  Fluorescence  was  ex¬ 
cited  by  a  20  m W  argon  ion  laser  at  488  nm  focussed 
on  the  water  surface  with  a  cross  section  of  about 
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Fig.  3:  Space-time-image  at  a  wind  speed  of  2.4  m/s. 
The  seguence  shown  here  is  about  0.8  s  long.  The  im¬ 
age  height  is  about  6  mm 

0.05  mm-. 

Figure  5  shows  a  0.8  s  long  part  of  a  space¬ 
time-image  at  2.4  m/s  wind  speed.  The  aqueous  mass 
boundary  layer  can  be  seen  as  a  wavy  dark  line  in  the 
image.  Above  this  layer  a  distorted  mirror  image  at 
the  wavy  water  surface  can  be  seen.  It  is  obvious  that 
even  at  low  wind  speeds  the  boundary  layer  tends  to 
be  carried  out  of  the  field  of  vision  by  the  waves. 

Therefore  an  optical  wave  follower  was  used  in 
the  optical  path  of  the  CCD-camera  (figure  4)  to  track 
the  water  surface  with  an  accuracy  better  than  1  mm. 
The  use  of  an  optical  wave  follower  is  inevitable  to 
keep  the  moving  water  surface  within  the  range  of  vi¬ 
sion  of  the  imaging  sensor  at  medium  wind  speeds.  A 
separate  line  array  camera  was  used  to  detect  the  wa¬ 
ter  surface.  The' amplitude  signal  from  this  camera 
was  processed  in  real  time  to  drive  a  scanner  mirror 
in  the  optical  path  of  the  CCD-camera.  With  this 
mechanism  waves  with  a  peak  to  peak  amplitude  up 
to  3.5  cm  could  be  followed.  More  details  of  the  ex¬ 
perimental  setup  are  described  by  MUnsterer  (1993). 
The  CCD-camera  (Pulnix  TM-640)  took  images  of  a 
0.3  mm  (horizontal)  x  6.6  mm  (vertical)  sector  at  a  rate 
of  600  frames  per  second. 

These  image  sectors  were  averaged  over  the  hor¬ 
izontal  width  of  0.3  mm  in  order  to  integrate  the  flu¬ 
orescence  intensity  over  the  whole  width  of  the  laser 
beam.  The  resulting  columns  were  stacked  to  form 
so  called  space-time-images.  One  of  those  space-time- 
images  consists  of  8000  single  concentration  measure¬ 
ments  performed  in  13.3  s. 

5  RESULTS  AND  CONCLUSIONS 

Figure  5  shows  a  0.8  s  long  part  of  a  space-time- 
image  at  the  wind  speed  of  2.4  m/s  as  in  figure  3.  As 
can  be  clearly  seen  the  wave  follower  is  enable  of  keep¬ 
ing  the  boundary  layer  well  within  the  field  of  vision. 
This  was  possible  up  to  a  wind  speed  of  4.6  m/s.  After 
this  the  optical  distortions  become  untolerably  large. 
It  should  oe  noted  that  the  position  of  the  boundary 
layer  in  the  image  does  not  reflect  the  wave  height  but 
rather  a  function  of  response  time  of  the  wave  fmlower. 

Figure  6  shows  the  same  sequence  already  trans¬ 
ferred  into  a  z-coordinate  system  relative  to  the  mov- 


Fig.  4;  Sketch  of  the  one-dimensional  experimental 
setup  with  optical  wave  follower  and  imaging  CCD- 
camera. 


Fig.  5:  Unprocessed  space- time-image  with  the  use  of 
an  optical  wave  follower. 

ing  water  surface  using  digital  image  processing  tech¬ 
niques.  This  is  necessary  for  any  further  processing 
step.  For  details  of  the  image  processing  see  MUn- 
sterer  (1993).  The  aqueous  boundary  layer  is  visible 
as  the  thin  dark  layer  at  the  top  of  the  image.  With 
this  technique  certain  characteristics  can  be  seen  more 
clearly.  The  boundary  layer  thickness  shows  strong 
fluctuations  in  time.  Variations  in  thickness  at  least 
up  to  a  factor  of  five  can  be  detected.  Such  fluctua¬ 
tions  were  also  reported  by  Wolff  (1991)  although  not 
as  time  series  with  a  comparable  time  resolution.  In 
this  sequence  at  about  0.3  s  part  of  the  boundary  lawr 
is  swept  into  the  bulk.  Such  an  effect  was  detected  in 
all  sequences  at  all  wind  speeds  ranging  from  2.4  to 
4.6  m/s.  Obviously  these  effects  can  only  be  detected 
in  time  series  with  a  high  temporal  resolution  and  a 
good  signal  to  noise  ratio. 

Averaging  over  such  an  image  results  in  a  mean 
boundary  layer  profile.  Figure  7  snows  such  a  profile 
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time  [sec] 


Fig.  6:  Space- time-image  in  the  frame  of  reference  of 
the  moving  water  surface. 
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Fig.  8;  Measured  boundary  layer  thicknesses  for  dif¬ 
ferent  wind  speeds.  Stars  denote  single  measurements 
averaged  over  13.3  s,  ovals  stand  for  the  average  over 
all  these  single  measurements  for  one  wind  speed  and 
diamonds  show  the  result  of  the  parallel  oxygen  inva¬ 
sion  measurements. 

follower  was  changed  from  a  scanner  mirror  to  mount¬ 
ing  the  complete  optical  system  to  a  belt  driven  linear 
positioning  table. 
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The  Open  Forum  is  aimed  to  present  recent  research  on  laser  techniques  for  flow 
measurements  and  results  of  significance  to  fluid  mechanics.  Reference  to  the  theory  and 
practice  of  laser  methods  will  be  made  where  it  facilitates  new  improved  fluid  mechanical 
investigations  by  laser  methods  including  laser-doppler  anemometry.  particle  sizing  and  other 
methods  for  the  measurement  of  velocity  and  scalars  such  as  particle  image  velocimetry  and 
laser  induced  fluorescence. 

All  the  participants  are  welcome  to  submit  a  contribution  for  the  Open  Forum  based  on  work 
prepared  during  the  last  months.  Prof.  F.  Durst  will  coordinate  the  Forum  and  should  be 
contacted  by  those  interested  in  partiepating.  The  program  of  the  Forum  will  be  announced 
in  the  morning  of  Wednesday,  July  13,  1994. 
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ABSTRACT 

Particle-laden  flows  are  of  practical  interest  due  to 
widespread  commercial  applications.  Industrial  and  food 
processors  involve  handling  of  solid  particles  of  various 
sizes  and  shapes.  While  solid  particle-laden  flows  are 
important  in  environmental  and  pollution  engineering, 
liquid  particle-laden  flows  are  important  for  combustion 
engineers.  The  behaviour  of  flows  containing  liquid 
particles,  or  droplets,  in  the  surroundings  of  a  bluff-body 
are  of  considerable  practical  interest  because  the  size  and 
velocity  of  the  particles  play  an  important  role  in  relation 
to  the  stability  and  combustion  length  of  uirbulent  spray 
flames.  In  this  study,  a  Phase  Doppler  Analyzer  and 
Laser  Sheet  Photography  System  are  applied 
simultaneously  in  a  complementary  fashion  to 
characterize  the  spray  particle  flow  in  the  regions 
surrounding  the  bluff-body.  A  cone-shaped  bluff-body 
was  placed  axially  down  steam  from  the  spray  nozzle, 
with  the  "point"  of  the  cone  towards  the  nozzle.  The 
results  showed  that  the  mean  diameter  lied  between  4.0 
and  SO  microns  in  all  locations.  The  particle  size  became 
smaller  approaching  the  sides  of  the  bluff-body  as  well 
as  in  the  wake  region.  Conversely,  larger  diameters  were 
measures  further  out  from  the  sides  of  the  bluff-body. 
Higher  number  densities  were  measured  in  regions  of 
smaller  diameters.  A  recirculation  zone,  containing 
negative  velocities,  was  formed  in  the  wake  region  of  the 
bluff-body.  The  mechanism  of  bluff-body  spray  flame 
stabilization  has  been  investigated  from  the  various 
measured  results. 


1 .  INTRODUCTION 

In  industrial  nozzles  typically  used  for  high-load 
combustors,  the  exit  velocities  arc  sufficiently  high  for 
the  flow  to  be  turbulent  at  the  nozzle  exit.  In  a  typical 
case,  the  fuel  exists  from  an  annular  nozzle  and  with  a 


bluff-body  placed  axially  downstream  of  the  nozzle,  a 
region  of  reverse-flow  forms  in  the  wake  region  of  the 
bluff-body.  The  reverse-flow  is  instrumental  to  flame 
stabilization. 

Considerable  understanding  of  the  role  of  bluff-bodies 
achieved  by  measurements  of  aerodynamic  flow  patterns 
(1),  (2),  (3).  However,  in  order  to  get  a  more  detailed 
understanding  of  the  role  of  bluff-bodies  in  the 
combustion  of  high-sped  spray  flows,  it  may  be 
necessary  to  investigate  the  distribution  of  size,  number 
density,  and  velocity  of  spray  particles  in  regions 
surrounding  the  bluff-body  (4),  (^,  (6). 


2.  EXPERIMENTAL  APPARATUS  AND 
PROCEDURE 

In  this  study,  a  cone-type  of  bluff-body  is  fixed  in  the  jet 
at  23  mm  downsu'eam  from  the  nozzle  exit,  llie 
experimental  fuel  is  fed  through  a  nozzle  of  0.5  mm  inner 
diameter.  The  nozzle  pressure  was  selected  to  be  either 
20  kPa  or  50  kPa. 

Figure  1  shows  a  block  diagram  of  the  experimental 
apparatus,  which  consists  of  a  compressor,  experimental 
fuel  (water),  air  supply  system,  and  the  injector  nozzle. 
Figure  2  shows  a  schematic  diagram  of  the  nozzle.  The 
two  fluids  are  fed  through  the  nozzle,  as  shown  in  the 
figure.  The  flow  rates  were  2.8  cc/min  at  20  kPa  nozzle 
pressure  and  4.7  ccAnin  at  50  kPa.  A  schematic  diagram 
showing  the  measuring  points  (x),  the  bluff-body  outline, 
along  with  selected  streamlines  are  ail  shown  in  Fig  3. 
The  coordinates  Lc  and  R  in  the  figure  represent  the  axial 
distance  from  the  nozzle  tip  and  the  radial  distance  from 
the  spray  axis,  respectively. 
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In  this  work,  a  Phase  Doppler  Particle  Analyzer  (PDPA) 
and  Laser  Sheet  Photography  (LSP)  systems  are  used  to 
analyze  the  spray.  Detailed  profiles  of  spray  droplets  are 
measured  with  the  PDA  together  with  the  overall 
visualization  of  the  spray  flow  from  the  photographs. 
The  physical  arrangement  of  the  PDPA  is  shown 
schematically  in  Figs  4  (a)  and  (b).  The  PDPA,  an 
Aerometrics  model  DSA  SCioO,  is  set  up  for  2  axis  (Lc 
and  R  in  the  figure)  velocity  measurements  and  is 
equipped  with  fiber-optic  uansmitter  and  collector  units. 
The  half-angle  of  beam  intersection,  6,  was  set  to  1.3177 
degrees  and  the  receiver  was  arranged  to  collect  the 
scattered  light  at  an  angle  <|>  =  SO.O  degrees  from  the 
transmitter  axis.  The  receiver  contained  three  "detector” 
fibers  (DFi,  DF2,  DF3)  for  gathering  the  fringe  phase 
and  spacing  information.  These  spacings  were  set  to 
10.07  mm  for  DFj  to  DF2  and  30.21  mm  for  DFj  to 
DF3.  The  probe  volume  was  2.9x10'^  cc. 

The  Laser  Sheet  Photography  (LSP)  system  was  used  to 
image  the  light  scattered  by  the  spray.  A  70  degree 
scattering  angle  was  chosen  and  the  light  was  formed  into 
a  sheet  measuring  SO  mm  by  0.5  mm.  The  488  nm  line 
of  a  2  W  Argon  ion  laser  was  used  in  this  system.  The 
camera  shutter  speed  ranged  from  1/15  to  1/500  s.  In 
order  to  carry  ut  localized  studies  near  the  bluff-body,  the 
injector  nozzle  and  bluff-body  were  attached  to  a  three- 
dimensional  traverser,  while  the  PDPA  and  LSP  were 
fixed  in  the  laboratory  frame.  To  improve  the  accuracy  of 
the  experiments,  the  entire  apparatus  was  enclosed  in  a 
darkened  "booth”  during  data  acquisition. 


3.  RESULTS  AND  DISCUSSION 

For  brevity  the  results  here  will  concentrate  on  the  data  at 
4.7  cc/min,  i.e.  50  kPa  nozzle  pressure.  Photographs  of 
scattered  light  at  1/125  s  for  a  plane  perpendicular  to  the 
spray  axis  are  shown  in  Fig  5  (a)  with  the  bluff  body  and 
Fig.  (b)  without  the  bluff-body.  The  flow-rate  was  4.7 
cc/min  (50  kPa).  As  shown  in  Fig  5  (a)  the  adverse 
pressure  gradient  downstream  of  the  bluff  body  is  strong 
enough  to  cause  separation  of  the  boundary  layer.  A 
recirculating  vortex  of  particles  is  formed  in  the  wake 
region  of  the  bluff-body.  The  size  of  the  recirculation 
eddy  is  about  27  mm  (axially)  x  16  mm  (half-base  of  the 
cone). 

Particle  size  and  velocity  histograms  at  the  end  of  the 
wake  region  (Lc  =  65  mm,  R  =  18  nm)  are  shown  in  Fig 
6.  This  measurement  point  is  within  the  boundary  layer 
of  the  recirculation  zone  and  jet  flow  stream,  and  thus  we 
see  both  positive  and  negative  velocities.  The  Sauter 
Mean  Diameter,  (SMD  or  D32)  at  this  point  was  about 
13  pm.  Summarized  in  Fig  6  are  "Attempts", 


"Validations",  "Corrected  Count",  and  "Run  Time". 
Attempts  refer  to  the  total  number  of  Dqjpler  bursts,  and 
hence,  potential  velocity-diameter  data  points,  "seen"  by 
the  detectors.  Validations  refer  to  the  number  of  valid 
velocity-diameter  data  points  actually  accepted  by  the 
PDPA  software.  Data  are  rejected  for  various  reasons, 
including  out-of-range  values,  non-spherical  droplets, 
conflicting  phase  data,  etc.  Although  the  actual  probe 
volume  is  fixed,  the  effective  probe  volume  depends  on 
the  size  of  the  particle  passing  through  it  Since  larger 
particles  scatter  from  a  l^ger  region  in  space  than  smaller 
ones  and  the  instrument  can  only  accept  single  particles 
in  the  probe  volume  at  any  one  time,  the  data  must  be 
corrected  for  this  bias,  particularly  for  the  smaller 
diameter  particles  (7).  Hence,  a  corrected  count  is 
obtained.  The  run  time  refers  to  the  time  interval  during 
which  the  data  was  obtained. 

Spatial  distribution  (maps)  plots  for  the  regions 
surrounding  the  bluff-body  are  shown  in  Figs  7  to  12. 
These  plots  show  the  following  data:  the  Sauter  Mean 
Diameter  D32,  Arithmetic  Mean  Diameter  Da  (both  in 
pm).  Number  Density  (Particles  cc/s  cm^).  Mean 
Velocity  (U,  in  m/s),  and  RMS  or  "fluctuating"  velocity 
(U’,  in  m/s). 

Several  tfends  can  be  observed  from  Figs  7  to  10.  The 
SMD  lies  within  the  limits  of  8  to  49  pm,  while  the 
arithmetic  mean  diameter  lies  between  4  and  4)pm.  The 
particle  sizes  become  significantly  smaller  neater  the  side 
surface  regions  and  near  the  rearward  parts  of  the  bluff- 
body,  but  significantly  larger  further  out  from  the  sides  of 
the  bluff-body.  The  number  density  lies  within  the  range 
10^  to  10^  particles/cc,  and  is  higher  in  regions  of 
smaller  diameters  but  only  slightly  lower  further  out 
from  the  sides  of  the  bluff-body.  The  volume  flux, 
which  refers  only  to  the  volume  of  particles,  varied  from 
10-^  to  10-2  {.p/5  pn,2.  Larger  values  were  found  at  the 
upper  of  the  bluff-body  where  the  sizes  were  not  large, 
but  the  number  densities  were  large. 

Looking  at  Figures  11  and  12  the  following  observations 
can  be  made.  The  mean  velocity  U  ranged  from  -  0.7  m/s 
to  about  16  m/s  and  was  negative  for  all  dte  measuring 
points  in  the  wake  region.  The  RMS  velocity  was  from 
2  to  7  m/s  in  the  upstream  of  the  bluff-body,  but  only 
0.3  to  0.5  m/s  in  the  wake  region. 

Correlation  plots  of  particle  size  -vs-  velocity  at  four  [Rc, 
Lc)  points  [9  mm,  35  mm],  [15  mm,  35mm],  [15  mm, 
55  mm],  [15  mm,  60  mm]  are  shown  in  Figs  13  to  16. 
The  location  of  Figs  13  and  14  are  typical  points  for  the 
regions  away  from  influence  of  the  bluff-body.  The 
particle  sizes  near  the  bluff-body  are  comparatively  small, 
but  their  velocity  range  is  quite  wide.  For  the  two 
locations  in  the  wake  region  at  the  rear  of  the  bluff-body, 
shown  in  Figs  15  and  16,  the  diameters  are  quite  similar 
-  ranging  from  2  to  20  pm.  The  velocities  at  Lc  =  55 
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mm,  which  is  near  the  bluff-body,  are  seen  to  be  all 
negative  values,  but  at  Lc  =  60  mm  both  positive  and 
negative  velocities  appear.  The  size  and  strength  of  the 
recirculation  eddy  decays  rapidly  to  free  jet  proportions 
near  this  point. 


CONCLUSIONS 

Local  size  and  velocity  measurements  were  obtained  in 
regions  surrounding  a  bluff-body  to  better  understand  its 
effect  on  practical  combustion  systems.  The  following 
conclusions  are  drawn  from  this  study; 

1 .  The  Sauter  and  arithmetic  mean  diameters  lie  within 
the  limits  of  8  to  49  pm  and  4  to  41  pm, 
respectively.  The  particle  sizes  are  smaller  nearer  to 
the  sides  and  in  the  wake  of  the  bluff-body,  but  the 
number  density  is  higher  in  both  regions. 

2.  The  volume  flux  of  particles  is  slightly  higher  near 
the  side  surface  regions  of  the  bluff-body,  but 
significantly  lower  in  the  wake. 

3.  The  particle  velocity  is  highest  upstream  of  the  bluff- 
body  and  lower  along  the  sides.  A  recirculating  zone 
is  established  in  the  wake  of  the  bluff-body. 

4.  The  size  of  the  recirculation  eddy,  estimated  from  the 
velocity  profiles  of  the  particles,  is  equivalent  to  the 
longitudinal  sectional  area  of  the  bluff-body. 
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spray 


Fig.1  Schematic  diagram  of  experimental  apparatus 


Fig.2  Detailed  design  of  the  nozzle  (non  •  Pintle 
type) .  Dimensions  in  millimetres 
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Fig.3  Detailed  design  of  the  nozzle  and  position 
of  the  bluff  body 
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Fig.4  Schematic  of  the  optical  system  for  LDV  and 
Droplet  siger  (PDPA) 


(a)  Without  bluff-body  (b)  Withbluff-body 

Figs. 5  Photographs  of  spray  flow  system 
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Fig. 6  Velocity  and  size  data  histogram 

(Measurement  point:  Lc=65mm,  R=18mm) 
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ABSTRACT 

Measurements  of  droplet  size  and  velocity  in 
multiple  impinging  sprays  were  carried  out  by  phase  Doppler 
anemotneter(PDA)  in  order  to  achieve  a  passive  control  of 
local  size  distribution  of  the  droplets.  A  FFT  based  signal 
processor  featured  by  a  digital  signal  processorfDSP)  with 
specific  functions  of  the  software  triggering  was  employed  in 
order  to  achieve  improvement  the  accuracy  in  droplet  mass 
flux  measurement  at  a  lower  signal-to-noise  ratiofSNR). 

The  resultant  validation  rate  of  acquiring  Doppler 
burst  signal  was  increased  up  to  31%  compared  with  the  fixed 
triggei...g.  due  to  the  'burst  center  triggering'  by  software 
and/or  by  optical  triggering  with  dual  coaxial  measuring 
volumes 

Measurements  in  interaction  region  of  four  hollow- 
cone  sprays  revealed  that  the  area  of  uniform  droplet  size  was 
observed  in  circle  region  whose  area  was  1%  of  spreading  flow 
area  where  20%  of  the  total  mass  was  concentrated.  In  the 
uniform  size  region,  the  variation  of  the  average  diameter 
through  the  region  did  not  exceed  9  %,  which  were  normalized 
by  average  value  in  uniform  size  region  respectively. 

1.  INTRODUCTION 

The  flow  field  accomplished  with  multiple  impinging 
sprays  has  been  expected  to  shape  an  uniform  spatial  droplet 
size  distribution,  and  to  contribute  to  many  industrial  processes 
such  as  spray  cooling,  spray  painting,  spray  dryer,  etc. 

The  studies  of  interaction  flow  field  within  dual  air 
jets  have  been  widely  conducted  by  D.R.Miller  & 
E.W.Comings(1960),  and  E.Tanaka(1970)(1974). 
Y.F.Liu(1990)  and  C.S.Wang(1993)  reported  the  existence  of 
the  reverse  flow  in  the  interaction  region,  and  the  self- 
preservation  of  mean  velocity,  velocity  fluctuations,  and 
Reynolds  shear  stress. 

Two  spray  interaction  with  electrically  charged 
droplets  was  examined  by  S.R.Snarski  &  P.F.Dunn  (1991) 
using  PDA.  This  study  attempted  not  to  analyze  interaction 
flow  field  itself,  but  to  evaluate  the  effects  of  charge  force  and 
of  the  distance  between  two  sprays. 

In  the  present  study,  the  signal  processor  was 
optimized  to  enable  the  signals  of  smaller  panicle  to  extract 
from  total  system  noises.  The  employed  signal  processor 
working  on  FFT,  developed  by  author's  group  (K.Kobashi  et 
al.  1988, 1990, 1992),  was  consisted  of  digital  signal  processor 
and  transient  memories.  The  burst  center  triggering  function 
realized  to  increase  in  validation  rate  for  relatively  low  SNR 
Doppler  burst  signal  compared  with  the  fixed  triggering.  To 
evaluate  the  flow  of  multiple  interacting  sprays,  the  function  of 


nigger  was  investigated.  The  result  indicates  that  this  function 
enables  us  to  analyze  the  interaction  flow  structure. 

Estimating  mass  flux,  s<ze  distribution  in  higher 
accuracy,  both  the  dual  coaxial  measuring  volume  and 
measuring  volume  with  a  specific  estimating  method  were 
employed:  the  former  can  eliminate  the  sizing  errors  by 
trajectory  ambiguity,  the  latter  was  estimated  by  calibration 
based  upon  Gaussian  profile  of  beam  intensity.  (Consequently, 
the  accuracy  of  mass  flux  of  a  single  spray  examined  varying 
both  the  measuring  distance  from  spray  and  provided  pressure. 
Two  and  four  sprays  impinging  currents  were  investigated  in 
the  present  study  in  order  to  characterize  the  flow  of  the 
interaction  region  of  multiple  sprays, 

2.  OPTICAL  APPARATUS  AND  SIGNAL  PROCESSING 

2.1  Optical  Arrangement 

Figure  1  schematically  illustrates  the  measuring 
system  of  the  two-components  PDA  optical  system  and  signal 
processor.  A  2.0W  Argon-ion  laser  with  multi-line  operation 
was  employed  as  a  light  source,  and  green  and  blue  beams 
were  selected  by  a  beam-splitter.  For  each  color,  double  Bra^ 
cells  were  mounted  on  the  system  so  as  to  produce  differential 
frequency,  and  the  beams  were  transmit^  through  optical 
fiber  probes.  The  differential  frequency  was  occasionally 
optimized  with  the  flow  condition,  and  was  adjusted  from  2  to 
lOMHz.  Optical  configuration  and  constants  were  set  as  listed 
in  Table  1 


Fig.  1  Schematic  of  the  measuring  system 


31.2.1. 


Table  1 .  Optical  parameter  set  up  Table 


(a)  Transmitting  optics 


Parameter 

Unit 

Wave  length  of  laser  X 

488.()nm(Blue)  514.5nm(Green) 

Power  of  laser 

2.0  W 

Beam  interaction  26 

4.96° 

Shift  frequency 

2  MHz(Blue) 

5  MHz(Green) 

Size  of  measuring  volume 

3 

125xi25x3000//m-^  (Blue) 

250x250x5800 (Green) 

Fringe  spacing  5 

5.943|im(Blue)  5.766pm(Green) 

Focal  length 

300mm 

(b)  Receiving  optics 


Parameter 

Unit 

Off  axis  angle 

30° 

Focal  length  of 
collimating  lens 

300mm 

Slit  size 

2004m 

Detector  angle 

2.076°,  4.753° 

Phase  factor 

1.377  degree/pm 

3.152degree/4m 

Rectangular  aperture 

3x20mm^ 

In  order  to  reduce  sizing  error  due  to  the  trajectory 
ambiguity,  two  green  and  blue  beams  were  aligned  into 
different  size  coaxial  measuring  volumes;  for  elimination  of 
trajectory  ambiguity  and  increasing  SNR  as  described  in  the 
next  section.  The  size  of  measuring  volume  of  green  beam, 
which  was  used  for  sizing  droplets  was  set  at  about  8  times 
larger  than  that  of  blue  beam.  Measuring  volumes  were 

250x250x5800  and  125x125x3000 for  green  and 
blue  beams  respectively. 

Receiving  optics  assembled  by  four  channel  fibers, 
that  is,  thret.  of  them  for  PDA  with  green  measuring  volume 
and  one  for  lateral  velocity  measurement  with  blue  measuring 
volume,  were  set  at  near  forward  position  with  an  off  axis 
angle  of  30  degree.  Displacement  of  three  apertures  for  PDA 
are  also  listed  in  Table  1.  The  collected  lights  were  convened 
to  electric  signals  by  photomultipliers  (Hamamatsu,  R1447) 
and  transferred  to  a  signal  processor. 

2.2  Signal  Processor 

LDA  signal  processing  has  always  encountered  the 
difficulty  of  discrimination  of  Doppler  burst  signal  from 
electronic  and  optical  noises.  Various  noise  sources  prevent  the 
signal  processor  from  acquiring  low  SNR  signals,  especially  in 
measurements  of  dense  smaller  panicles. 

The  FFT  based  signal  processor  usually  provides 
more  accurate  information  than  the  other  type  of  those  for 
LDV  in  an  insufficient  noise  environment.  In  the  present  study, 
a  transient  memory  system  which  was  designed  by  the  authors 
group  (Kobashi  et  al.  1988,  1990,  1992)  was  employed  to 
accomplish  measurements  under  the  low  SNR  conditions. 

The  signal  processor  consisted  of  high  speed  A/D 
convener,  a  transient  memory  and  a  Digital  Signal  Processor 
(DSP,  Motorola  56001RC27)  as  shown  in  Figure  1.  The  flash 
A/D  conveners  can  conven  the  signals  up  to  40MHz  sampling 
rate  with  8bit  resolution,  and  transient  memories  had  2Mbyte 


storage  for  each  channel,  which  corresponds  to  0.2sec  storage 
at  lOMHz  sampling  rate,  with  which  the  performance  are 
enough  for  the  measurement  of  the  present  study. 

The  trigger  and  memory  controllers  had  two 
operational  modes  for  each  channel,  to  enable  us  to  optimize 
the  specifications  under  various  conditions  as  described  in  the 
reference  (Kobashi  et  al.  1992).  The  trigger  controller  provided 
pre-triggering  and  post-triggering  functions:  the  pre-triggering 
is  for  storage  of  whole  signals,  so  it  was  operated  storing 
whole  signals,  with  the  pre-triggering  mode  in  ail  the 
measurements  described  as  in  next  section. 

The  memory  controller  has  two  different  type 
operations,  so  called  sequential  process  mode(real  time  mode) 
and  continuous  storage  mode.  The  sequential  process  mode 
uses  small  amount  of  memory  which  is  required  to  obtain 
frequency  information,  and  the  DSP  starts  processing  signals 
from  the  point  which  every  trigger  event  occurs;  The 
continuous  storage  mode  is  to  store  signals  up  to  full  memory 
size  and  processing  is  proceeded  at  once.  The  remarkable 
advantage  of  the  continuous  storage  mode  is  that  the  signals 
can  be  captured  and  processed  even  when  the  amplitude  of 
signals  was  lower  than  the  fixed  trigger  level  or  was 
comparable  to  the  environmental  noise. 

Since  the  FFT  based  processor  had  an  ability  to 
accept  signals  with  relatively  low  SNR,  the  bias  error  on  size 
distribution  caused  by  the  fact  that  the  signal  amplitude 
depends  on  the  droplet  size,  could  considerably  be  improved. 
The  procedure  for  FFT  was  done  by  software  run  on  the  DSP 
and  host  computer,  so  the  processing  algorithm  was  optimized 
without  changing  hardware. 

2.3  Signal  Processing 

Figure  2  indicates  the  timing  chart  of  sequential 
process  mode  and  continuous  storage  mode.  In  the  sequential 
process  mode,  the  signals  were  stored  in  a  short  mennory  and 
processed  by  FFT  sequentially.  FFT  calculations  are  carried 
out  from  the  point  of  trigger  event  occurrence  which 
cmiespond  to  the  beginning  of  signals  (FFT.p  (1)  and  FFT.p 
(3)  in  Figure  2(a))with  lower  SNR  than  the  center  of  those. 
This  operation  results  in  data  loss  by  processing  the  pan  with 
low  signal  quality.  Moreover,  the  signals  (signal(2)  and 
signal(4)  in  Figure  2(a))which  exist  within  the  processing 
duration  time  of  trigger^  signal  (FFT.t(l),  FFT.t(3)  in  Figure 
2),  were  neglected.  Since  the  number  of  signals  existing  within 
the  processing  duration  time  was  affected  by  the  maximum 
processing  capable  rate  and  number  density  of  particles,  the 
data  loss  by  processing  time  was  not  considered  in  section  3. 

In  the  continuous  storage  mode,  as  the  transient 
memory  continuously  acquires  the  signals  up  to  full  menwy 
size  without  any  processing  such  as  detection  of  signals,  the 
trigger  loss  cannot  be  found  in  principle. 

As  for  the  algorithm  of  signal  detection,  the 
processing  of  all  pans  of  storage  memory  data  needs  a  plenty 
of  FFT  calculations  although  one  needs  not  to  adjust  the  trigger 
level.  In  order  to  reduce  the  number  of  FFT  calculations  to  that 
of  Doppler  signals,  the  center  triggering  whose  trigger  level  is 
comparable  with  noise  level  but  less  than  fixed  trigger  level, 
was  employed.  When  signal  was  triggered,  the  center  pan  of 
signal  which  can  be  selected  by  searching  the  peak  of  signal,  is 
processed  by  FFT  (Figure  2(c)).  Thus,  the  continuous  storage 
mode  which  can  be  conducted  only  by  the  signal  processor 
with  the  transient  memory,  can  be  a  reliable  signal  detection 
method  using  the  center-triggering  function  which  helps 
effectively  to  detect  all  signals. 
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Fig.  2  Difference  between  sequential  process  and  continuous 
storage  mode 


3.  SPECIFIC  FUNCTIONS  FOR  ACCURATE 
DETERMINATION  OF  SIZE 


3.1  Contributions  of  the  Continuous  Storage  Mode  to 
Validation  Rate  and  the  Effect  of  Trigger  Level 

Sequential  operation  of  the  memory  can  be  an 
effective  method  to  measure  large  particles  with  high  SNR. 
however,  it  neglects  the  signals  in  dense  spray  because  of  two 
major  reasons:  since  the  total  processing  time  of  DSP 
including  a  duration  time  for  data  transfer  is  longer  than  the 
sampling  time,  the  data  acquisition  must  be  inhibited  while  the 
every  processing  is  completed;  if  the  sirnal  amplitude  is 
comparable  or  smaller  than  the  trigger  Icvf  the  trigger  event 
never  occurs.  A  typical  A/D  converter  c:  invert  with  8bit 
resolution;  so  the  droplets  in  the  small  ^.^e  range  could  be 
neglected  to  cause  distortion  into  resultant  size  distribution 
lacking  small  particles.  If  the  analog  circuit  at  front-end  of  the 
A/D  converter  was  designed  by  linear  amplifiers.  8bit 
resolution  approximately  corresponds  to  lOtimes  difference  in 
particle  size  range;  therefore,  the  trigger  level  should  be  set  as 
low  as  possible,  while,  the  trigger  level  is  usually  set  at  certain 
level  in  order  to  avoid  mis-triggering  by  the  noise  which  cause 
the  number  of  neglecting  particles. 

To  evaluate  the  improvement  derived  by  the 
continuous  storage  mode,  a  series  of  digitized  data,  which  was 


obtained  from  a  single  spray  and  stored  in  the  hard-disk,  was 
used.  Figure  3  compares  the  size  distribution  obtained  with  the 
continuous  storage  to  those  of  the  sequential  process  mode 
with  various  trigger  levels.  The  validation  to  judge  whether 
sampling  data  can  be  Doppler  burst  signal,  or  not.  was  carried 
out  by  the  following  procedure: 

1)  The  summation  of  the  peak  spectrum  and  two 
spectrum  around  the  peak  frequency  should  be  more 
than  S  times  of  the  second  peak  spectrum 

2)  Each  velocity  among  three  receive  channels  for  PDA 
should  be  coincident. 

3)  The  ratios  of  phases  obtain  between  channels  must 
be  the  same  ratio  of  geometrical  configuration  of  the 
observing  point. 

Both  probability  density  and  accumulated  probability 
density  were  defined  as  eq.2  and  were  normalized  by  30000 
data  which  were  the  maximum  data  number  inferred  with  the 
burst  center  triggering  described  in  the  next  subsection.  The 
trigger  level  denotes  the  normalized  amplitude  by  half  of  the 
maximum  dynamic-range  of  the  8bit  A/D  conven^eq.l).  and 
the  maximum  level  of  the  signals  corresponding  to  the 
amplitude  of  about  80|im  particles  in  the  configuration.  It 
should  be  noted  that  all  results  were  from  the  same  signals 
which  were  in  the  external  storage  of  the  host  computer. 


SNR  =  10/og[5i4mA 


Fig.  3  Schematic  of  SNR  definition 
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Demonstrating  the  effect  of  the  function,  the  same 
source  signals  in  the  memory  was  processed  with  and  without 
the  function.  Figure  6  compares  the  size  distribution  with  the 
trigger  level  at  S.S%  which  is  the  proper  trigger  level  so  that 
the  validation  rate  with  the  fixed  triggering  can  become 
maximum.  It  is  noted  that  the  result  of  the  continuous  storage 
mode  was  accompanied  with  a  triggering  to  compare  with 
them  properly. 


As  Figure  4(a)  and  (b)  show  the  shapes  of  probability 
density,  and  those  of  accumulated  probability  density, 
respectively  as  a  parameter  of  the  trigger  level.  Size 
distributions  as  shown  in  Figure  3(a)  are  normalized  by  the 
number  of  data  in  the  continuous  storage  mode.  It  is  obvious 
that  the  continuous  storage  mode  has  an  advantage  in  terms  of 
the  validation  rate,  in  principle,  lower  trigger  level  would 
result  in  higher  validation  rate  over  the  size  range,  however, 
the  probability  density(Figure  3(a))  of  20iim  size  triggered  at 
8%  is  higher  than  that  triggered  at  4%.  On  the  other  hand,  the 
accumulate  probability  density's(Figure  3(b))  show  that  the 
signals  detected  by  the  trigger  level  4%  relatively  include  the 
panicles  smaller  than  30itm  compared  with  the  result  of  the 
trigger  level  8%;  this  is  likely  to  be  caused  by  the  difference  of 
the  SNR  which  is  at  a  pan  of  FFT  processing.  Since  the  trigger 
level  of  4%  conesponds  to  the  signal  amplitude  of  lOpm  size, 
most  of  the  particles  with  10|im  size  was  triggered  at  the  center 
of  the  signals  which  correspond  to  maximum  SNR,  as  shown 
in  Figure  S-c,  although  the  signals  larger  than  lOpm  size 
whose  proper  trigger  level  is  8%(Level  A)  in  Figure  5-b,  were 
processed  at  the  beginning  pan  which  corresponded  to  lower 
SNR  with  triggering  at  4%(Level  B)  as  shown  in  Figure  5-a. 
Thus,  as  for  SNR  of  FFT  piocessing  pan,  the  results  showed  a 
difference  by  employed  technique.  To  eliminate  this  effect  and 
increase  the  validation  rate,  the  center,  that  is,  the  most  clear 
pan,  of  the  signal  was  to  be  selected  for  processing  the  signal 
of  individual  panicle. 


Partid*  Oianwlsf  (Mm|  Parttde  OlanwMr  ||iin| 

(a)  (b) 

Fig.  6  Comparison  between  the  center  and  the  fixed  triggering 
((a)  is  based  on  the  number  of  data  in  the  continuous -storage 
mode) 

As  compared  with  the  size  distribution  with  the  fixed 
tiiggering(Figure  6(a)),  the  total  number  of  the  validated  data 
by  the  center  triggering  was  raised  up  to  31%  and  the  effect 
was  especially  remarkable  in  the  small  size  range.  The 
improvement  is  imponant  because  a  spray  atomizer  often 
derives  Rosin-Rammla  distribution;  hence  the  data  rejection  in 
the  small  size  particles  causes  bias  error  on  the  probability 
density. 

Figure  7  shows  the  validation  ratio  as  a  function  of 
SNRcen  varying  the  trigger  level.  The  calculation  method  of 


3.2  Burst  Center  Triggering 

Burst  center  triggering  is  a  function  to  obtain  the 
maximum  SNR  in  a  Doppler  burst  signal,  by  searching  the 
maximum  amplitude  of  the  signal.  Since  this  function  can  be 
accomplished  by  only  the  continuous  storage  mode,  because 
the  center  of  the  signal  must  be  stored.  It  is  a  typical 
application  aids  to  a  fast  transient  memory  system  with  the 
DSP. 


Fig.  7  Validation  rate  by  different  trigger  levels 
(based  on  the  number  of  data  in  the  continuous  storage  mode) 


VR(  SNRcen  )  = 


N(SNRfij,) 

N(SNRcen) 


xlOO 


(3) 


With  a  lower  trigger  level,  large  particles 
(51VR{,f„<l()dB)  were  triggered  at  the  beginning  of  their 
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signals,  consequently  the  data  dropped  and  the  validation  ratio 
remains  around  50%.  On  the  contrary,  smaller  particles  were 
neglected  by  higher  Hxed  trigger  level.  The  burst  center 
triggering  function  satisfies  for  the  large  and  small  particles 
and  effectively  removed  bias  in  the  validation  by  the  trigger 
level. 

Figure  8  illustrates  the  contour  of  the  correlation 
between  SNRcen  and  SNR  fix  with  and  without  the  center¬ 
triggering  at  the  same  condition  as  Figure  6.  The  value  of 
contour  was  normalized  by  total  number  of  data.  Left  side  of 
the  diagonal  line  denotes  data  of  which  the  SNR  was 
improved  by  the  function.  The  maximum  value  in  the  map 
located  at  the  point  where  the  SNRcen  with  the 

center-triggering  of  lOdB,  whereas  the  SNRji^  without  the 

center  triggering  was  2dB,  thus  the  improvement  of  the  SNR  in 
the  sampled  signals  was  8dB.  This  result  confirms  that  noise 
was  reduced  effectively  in  the  sampled  signals,  and  hence,  the 
function  contributed  to  increase  the  validation  ratio. 


Fig.  8  SNR  improvement  in  sampled  signals  by  the  center 
triggering(Trigger  level  5.3%) 

3.3  Coaxial  Measuring  Volumes  by  Two  Color  Four 
Beams 

Coaxial  measuring  volumes  are  provided  to  eliminate 
trajectory  ambiguity  on  sizing  and  to  realize  the  higher 
validation  rate.  Since  the  duration  time  of  the  signals  from 
small  measuring  volume  by  blue  beams  is  short  compared  to 
that  from  large  measuring  volume  by  green  beams,  the  center 
of  the  sizing  signal  is  processed  by  triggering  the  signal  of  blue 
beams.  Figure  9  shows  the  improvements  by  the  coaxial 
measuring  volumes  indicating  the  validation  ratio  of  the  size 
information  as  a  function  of  SNRcen  of  signal.  The  keys 
by  closed  circle  and  open  triangle  correspond  to  those  of 
triggered  by  blue  beams  and  green  beams  respectively,  which 
were  normalized  by  the  maximum  particle  number  obtained  by 
the  continuous  storage  mode.  The  result  of  validation  ratt  was 
low  compared  with  typical  condition,  because  the  particle  flow 
was  dense  enough  to  make  optical  noise.  It  should  be  noted 
that  both  beam  intensities  were  set  to  give  the  same  signal 
levels.  The  number  of  accepted  particles  differed  about  1.5 
times  by  the  existence  of  the  blue  measuring  volume,  and 
caused  no  bias  respecting  to  SNR.  The  role  of  the  coaxial 
measuring  volume  function  was  substantially  similar  to  the 
center  triggering  function  on  the  software,  because  the  center 
of  the  sizing  signal  was  processed  optically.  In  the  case  that  a 


signal  processor  does  not  have  any  storage,  such  as  a  counter 
system,  one  can  eliminate  the  error  by  coaxial  dual  measuring 
volumes  optically. 


Fig.  9  Comparison  of  the  validation  rates  between  the  coaxial 
and  the  single  measuring  volume  (based  on  the  number  of  data 
in  the  continuous  storage  mode) 

4.  Experimental  Result 

In  the  present  study,  the  size  and  two-component 
velocities  of  droplets  in  the  interaction  within  multiple  sprays 
were  measured  to  achieve  passive  control  of  the  local  size 
distribution  of  droplets.  (3o,nbinations  with  two  and  four  spray 
nozzles  were  examined. 

Figure  10  shows  a  geometric  anangement  of  the  two 
spray  nozzles  and  coordinates  system.  The  solid  lines  indicate 
outer  edges  of  the  two  hollow-cone  sprays  which  contain  most 
of  the  droplets  after  the  atomization. 
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Fig.  10  Schematic  of  two  spray  anangement 

Experiments  were  carried  out  with  various  inclined 
angles  of  IS,  30  and  4Sdegiees  and  distance  between  two 
sprays  of  20,  25  and  30mm.  The  spray  nozzles  were  aligned 
with  suitable  distance  between  two  sprays  to  avoid  interaction 
before  the  atomization  completed.  For  all  the  measurement, 
sprays  were  driven  with  1.263x10'^  kg/sec  in  flow-rate  and 
588kPa  in  pressure  recommended  configuration  by  the 
manufacturerfDelavan,  Type  A,  Hollow  cone). 

Applying  the  continuous  storage  mode,  mass  flux 
were  measured  by  calibrating  the  measuring  volume.  A 
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measuittnent  of  mass  flux,  and  panicle  concentration  by  PDA 
is  unavoidable  from  the  problem  of  calibrating  measuring 
volume,  which  depends  on  particle  size  due  to  Gaussian  proflie 
of  laser  beam  intensity. 

The  measuring  volume  calibrarion  by  Doppler  burst 
length(M.  Saffman(1987))  needs  the  restriction  that  the  mass 
flux  can  be  defined  only  in  the  case  of  flow  field  with  one 
direction.  The  accuracy  of  the  mass  flux  was  sensitive  for  the 
trigger  level  and  SNR. 

On  the  contrary,  M.  Sommerfeld(1992)  suggested  the 
method  by  Doppler  burst  amplitude  which  was  independent  of 
direction  of  flow  direction.  The  method  had  great  advantage 
not  to  be  influenced  by  the  parameters  of  signal 
amplitudeflaser  power,  electric  gain,  optical  configuration,  and 
panicle  concentration)  in  spite  of  the  estimation  by  signal 
amplitude. 

Y.Hardulpas  represented  in  the  measurement  of  the 
panicle  concentration  near  the  stagnation  point  where  the  mean 
velocity  of  panicle  was  very  low,  the  method  by  the  burst 
residence  time  of  particle  was  superior  to  that  based  on  panicle 
mean  velocity. 

For  determination  of  mass  flux,  the  following  method 
by  scattering  power  estimation  was  used,  because  no  reverse 
flow  was  involved  and  the  mass  flux  is  defined  as  follows; 
n 

Massflux  =  p  ^l(V(di)xN(di))l(A(di)xTs)l  (4) 

1=0 

where  p  is  density  of  droplet,  V(di)  and  N(di)  is  the 
volume  and  the  number  of  droplets  in  size  class  "i",  where  the 
class  includes  diameters  between  di  and  di-t-S  [pm],  and  is 
the  sampling  time.  Afd,- ) ,  the  effective  cross-sectional  area  of 
the  measuring  volume  of  the  anemometer  normal  to  the  flow, 
is  described  as 

Mdi )  —  X  z  (5) 

where  z  is  the  length  of  image  of  the  image  of  spatial  filter, 
'max  known,  the  maximum  displacement  from  the 

center  of  the  measurement  volume  and  derived  as  follows. 
Laser  beam  intensity  profile  is  Gaussian  profile,  and  is  written 
as. 

=  'max  ^  exp(-2r^  /  )  (6) 

where  w  is  the  beam  waist  of  laser,  r  is  distance  from  the 
center  of  the  beam.  Due  to  Mie  Theory,  in  the  range  of  droplet 
size  we  discuss,  the  intensity  of  scattered  light  is  proportional 
to  the  square  of  droplet  size  as  follows. 

^max  =Cixd^  (7) 

then  eq.  (6)  and  eq.  (7)  gives 

'max  ~^2  (8) 

I  max  Imin  ^  maximum  and  minimum  intensity 

scattered  by  particles  .  Ci  and  C2  are  the  constants  respecting 
the  intensity  of  scattering  panicle  which  is  influenced  by  the 
optical  and  electrical  gain. 

On  the  accuracy  of  mass  flux  using  above  estimation, 
the  mass  flow  rate  obtained  by  two  dimensional  integration  of 
mass  flux  agreed  with  the  total  mass  balance  to  about  8%, 


varying  the  measuring  distance  from  a  single  spray  and 
provided  pressure. 

Figure  1 1  shows  the  profile  of  Sauier  mean  diameter 
with  two  sprays  at  Z=A0, 60,  80,  100mm  with  a  inclined  angle 
and  distance  between  two  sprays  of  4Sdegree  and  20mm, 
respectively. 


X|nm| 

Fig.  1 1  Profile  of  Sauter  mean  diameter  distribution 

The  profile  of  size  distributions  were  modified  by  the 
existence  of  the  second  spray  flow,  and  was  obviously  flatten 
at  the  center  core  of  the  flow,  and  the  similar  distributions  were 
observed  at  the  positions  Z.  The  size  distributions 
corresponding  to  each  plot  in  Figure  1 1  ate  also  shown  in 
Figure  12  (a),  (b),  (c)  and  (d),  respectively,  (a)  and  (c)  are 
center  of  the  region  which  has  similar  profiles  in  their  size 
Probability  density,  and  (b)  and  (d)  are  outside  of  it. 

The  lateral  velocity  profile  of  the  air  phase  was  also 
measured  so  as  to  compare  with  that  of  particles  of  each  size 
classes.  Figure  13  shows  lateral  velocity  profiles  of  air(a), 
20)im  particles(b:fine),  SOtim  particles(c:middle)  and 
70|im(d:coarse),  respectively.  Tracer  particles  of  which  the 
diameter  was  approximately  up  to  8)im,  were  selected  by  a 
supersonic  humidifier.  Discrimination  of  the  tracers  were 
achieved  with  size  infotmation  inferred  by  PDA. 

The  result  of  the  air  phase  velocity  denoted  that  air 
induced  by  particle  motion  was  driven  in  vertical  direction  at 
the  center  of  the  geometry. 

The  particles  of  20)i.m  had  already  smaller  lateral 
velocity  component  even  at  upper  location  Z=40mm,  and  seem 
to  follow  the  air  flow,  and  the  particles  of  70)im(coarse)  almost 
penetrated  through  the  interaction  region.  Particles  in  both  size 
ranges  hardly  fall  in  the  interaction  region.  On  the  contrary, 
panicles  of  5(Vm(middle)  moderately  followed  the  air  flow, 
and  were  likely  concentrated  into  the  center  core  region. 

For  practical  application  of  similar  size  droplets 
concentrated  below  the  interaction  region,  mass  flow  rate 
should  also  be  constant  over  the  cross  sectional  area.  Figure  14 
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Fig.  12  Droplet  size  distribution 
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Fig.  14  Profile  of  total  mass  Oux  spatial  distribution 

force  by  employing  four  sprays  can  contribute  not  only  to 
realize  uniform  size  region  certainly,  but  also  to  form  two 
dimensional  region.  From  these  points  of  view,  the 
examination  of  size  distribution  in  the  downstream  of  four 
spray,  was  beneficial  attempt  for  sprays  application. 

The  flow  field  by  four  spray  nozzles  was  formed 
with  symmetrical  geometry  as  show  in  Figure  IS.  Figure  16 
indicates  that  Sauter  mean  diameter  cannot  exceed  9%  which 
this  uniformity  of  Sauter  mean  diameter  was  enhanced 
compared  with  two  sprays  from  the  center  of  flow  field  to 
X^lSmm  at  ZslOOmm.  The  result  also  showed  that  in 
1  %(circle  region  with  15mm  radius)  of  spreading  area,  20%  rtf 
total  mass  was  concentrated  since  the  enhaiKement  of 
entrained  force  made  most  of  droplets  follow  the  air  flow. 


Fig.  13  Mean  v- velocity  ptorile 

shows  mass  flux  profile  of  total  size  class  evaluated  by  eq.4. 
Variation  of  the  mass  flux  which  was  inside  of  XsI5mm  at 
Zs60,  80.  100mm  cannot  exceed  13%  normalized  by  the 
average  mass  flux  in  the  region  which  average  diameter  was 
flatten,  and  showed  flat  profile. 

In  case  of  two  sprays,  most  of  the  entrained  air 
flowed  fropi  *he  outside  of  flow  configuration  to  the  core 
along  X  coordinate  due  to  two  spray  arrangement.  The  region 
of  uniform  size  distribution  which  was  influenced  by  the  flow 
direction  of  entrained  air,  resulted  in  one  dimensional. 

Since  the  force  of  entrained  air  flow  by  the  two 
sprays  forms  the  uniform  size  region  which  was  occupied  at 
high  flow  rate,  it  is  expected  that  the  enhancement  of  entrained 


Fig.  IS  Schematic  of  four  mray  arrangemem 
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Fig.  16  Profile  of  Sauter  mean  diameter 

6.  CONCLUSION 

Size  distribution  and  two  dimensional  velocities  of 
the  multiple  interaction  sprays  has  been  measured  by  PDA,  and 
the  effective  processing  method  was  demonstrated.  Results  are 
summarized  as  follows: 

1)  Both  the  burst  center  triggering  function  and  coaxial 
dual  measuring  volumes  formed  by  two  dimensional  LDA 
improved  the  validation  rate  for  sizing  information  up  to 
31%  in  the  present  configuration  compared  with  the 
method  of  the  fixed  triggering.  The  burst  center  triggering 
function  lematkably  improved  resultant  size  distribution  of 
spray  droplets,  because  size  of  droplets  concentrated  in 
relatively  smaller  size  range. 

2)  Triggering  with  low  trigger  level  without  center 
triggering  could  reduce  the  validation  rate.  Signals  from 
larger  panicles  were  processed  in  the  beginning  of  the 
signal,  therefore,  worse  quality,  that  is,  the  pan  with  lower 
SNR  of  the  signal  was  extracted  by  lower  trigger  level, 
compared  with  higher  trigger  level.  The  burst  center 
triggering  eliminated  the  error  with  reasonable  processing 
time. 

3)  The  region  of  uniform  size  distributions  was  clearly 
observed  in  downstream  of  the  multiple  interaction  sprays. 
Variation  of  Sauter  mean  diameter  with  four  sprays  was 
9%  in  all  over  the  circle  region  which  corresponds  to  1% 
of  ^reading  area  at  Z=100mm.  The  total  mass  flux  of  the 
region  was  20%  of  that  supplied  into  the  sprays. 

4)  The  results  of  the  velocity  denoted  that  the 
modification  of  the  local  size  distribution  was  caused  by 
variation  of  the  inertia  of  the  droplets  and  drag  forces,  and 
the  interaction  was  induced  by  the  air  entrained  by  the 
droplets  themselves.  This  implies  that  passive  control  of 
loc^  size  of  droplets  can  be  available  without  auxiliary 
driving  of  the  air. 
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NORMENCLATURE 

APD :  AccumuUHd  probability  deiuiiy 


di  : 

Size  class  of  droplci  diameters  whose  Hiictval  is 

5 Inan) 

FR: 

Full  scale  range  of  AA>  convrterfTbil) 

Nllx(di) : 

Number  of  dropleu  with  di  size  detected  by  fixed 
triggering 

NcenCdi)  -. 

Number  of  dropleu  with  di  size  delected  by 
canter  triggenng 

N(di) 

Numbr  of  dropleu  tnth  di  sue 

N(SNR) : 

Number  of  signals  with  the  same  SNR 

Ofst  Amp : 

Offset  value  of  signal  aiiiplitude(l28) 

PD: 

Robability  density 

SNRcen  : 

Sigpal-io-noise  ratw  of  signal  pan  aelecied 
by  center  iriggerHig 

SNRTu: 

Sipal-io-noiae  ratki  of  signal  pan  aelecied 
by  fixed  triggering 

SumA : 

SununatHin  of  power  of  three  apectnnns  around 
the  qiectsum  which  has  the  peak  vahieo 

SumB ; 

Summatun  of  power  of  spectrurm  except  SumA 

TL: 

TMgger  level 

Total_N: 

Total  number  of  dropleu  delected 
by  ooniHiuous  sunsge  mode 

TrgAnqi; 

Abeohue  value  of  trigger  in  A/D  convener 

VR: 

ValHIation  rale 
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ABSTRACT 


1.  INTRODUCTION 


A  turbulent  air-solid  suspension  flow  in  a  90*  bend 
of  square  cross-section  was  investigated  using  a  two- 
chaimel  Laser  Doppler  Anemometer.  The  bend  had  a 
radius  ratio  of  4.0  and  a  cross-sectional  area  of 
SOmmxSOmm.  The  flow  Reynolds  number  was  2.8x10*. 
Glass  ballotini  particles  with  a  mean  diameter  of  485pm 
were  used  with  a  loading  ratio  of  1.32.  The  resulu 
showed  that  the  most  significant  effect  of  the  solids  on 
the  air  flow  occurred  midway  around  the  bend  where 
local  solids  concentration  was  at  its  highest. 

NOMENCLATURE 


Da 

k 

N 

Rc 

Re 

S 

Ub 

U.V.  W 


U*,  V.  w* 

u,  V 


X,  y.  z 
x',  y*.  z‘ 

e 


Iwdraulic  diameter,  non-dimensionalising 
length  scale 

-(uy+(v*)*+(w')-,  (proportional 
to  turbulence  kinetic  energy) 
particle  number  rate 
radius  of  curvature  of  the  bend 
Reynolds  number 

correlation  of  the  fluctuating  velocity 
components  (=  uvAJ^ 
fluid  bulk  mean  velocity 
mean  velocity  components  in  the 
streamwise,  radial  and  spanwise 
directions  respectively 
dimensionless  velocity  components 
fluctuating  velocity  components  in  the 
X,  y  coordinate  directions 
dimensionless  streamwise,  radial  and 
spanwise  turbulent  intensities  _ 
(u'^Vit/Ub  ,  u‘*Vv^g  ,  w"*V\v'/U^ 
streamwise,  radial  and  spanwise 

coordinate  directions 
dimensionless  coordinate  directions 
-0.5(inside  wall)£y*^.5(outside  wall) 
angular  position  around  the  bend 


Two-phase  suspension  flows  are  found  in  many 
industrial  situations  including  power  plants  and  pneumatic 
conveying  lines.  The  erosion  dartuge  susttined  by  nozzles 
or  turbine  blades  is  caused  by  solid  particles  or  liquid 
droplets.  Erosion,  the  extent  of  which  is  governed  by  the 
wall  material,  particle  velocity  and  angle  of  impingement, 
can  be  very  severe  in  curved  ducts  used  in  pneumatic 
conveying  lines.  The  ability  to  predict  particle  trajectories 
requires  detailed  and  reliable  experimental  data. 

Fluid  flow  in  curved  ducu  has  been  investigated  by 
Humphrey  et  al  (1981)  and  Chang  et  al  (1983);  it  is 
similar  to  that  found  between  blade  passages  of  turbines 
but  its  two-phase  character  has  received  limited  attention. 
The  availability  of  laser-based  non-intrusive  techniques 
makes  it  possible  to  advance  knowledge  of  two-phase 
flows.  Dum  and  Zar^  (1976)  demonstrated  the  possibility 
of  obtaining  the  velocity  of  large  particles  in  two-jdiase 
flow.  Zisselnuir  and  Molerus  (1979)  studied  turbulent  air- 
solid  ’’’'sponsion  flow  in  a  pipe  using  LDA.  They  found 
that  UiC  presence  of  the  particles  (with  S3  pm  mean 
diameter  and  concentration  of  up  to  5.6%  by  volume)  in 
the  turbulent  stream  led  to  an  increase  in  the  intensity  of 
turbulence  near  the  wall  and  a  dampening  in  die  core  of 
the  pipe.  Tridimas  (1981)  carried  out  LDA  experimentt  in 
air-solid  suspension  pipe  flows.  He  found  that  the  velocity 
profiles  of  the  two-phases  crossed  close  to  die  wall  and 
that  there  was  a  decrease  or  increase  in  the  air  turbulence 
depending  on  particle  shape,  size,  concentration  and  flow 
Reynolds  number.  Yiarmeskis  and  Whitelaw  ( 1 984)  varied 
the  concentration  of  270pm  mean  diameter  particles 
between  0.5%  and  1.0%  by  mass  with  Re»42,500  in  a 
pipe  using  water  as  the  carrier  fluid.  There  were  no 
noticeable  differeiMes  between  both  the  velocity  profiles 
and  turbulence  intensities  of  the  loaded  and  unloaded 
water  flows. 

LDA  measurements  of  turbulent  air-solid  suspension 
flow  in  a  90”  bend  of  square  cross-secdon  were  reported 
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by  Kliafas  (1984).  The  air  velocities  <ere  obtained 
without  particles  being  present  in  the  fl.'v/  Comparison 
of  the  particle  and  air  flow  velocity  protiles  showed  that 
they  crossed  near  the  wall.  A  90°  pipe  bend  was  used  by 
Ai'Rafai  (1990)  and  Parry  (1991).  They  investigated  the 
effect  of  different  curvature  and  particle  loading  ratios. 
Tanaka  et  al  (1989)  studied  the  distribution  of  particle 
velocity  and  concentration  using  di^erent  air-solid  flow 
regimes  ranging  from  dispersed  to  sliding  bed  flow.  The 
velocity  distributions  in  the  sliding  bed  flow  were  non- 
uniform  and  had  large  gradients  while  the  distributions  in 
the  dispersed  phase  were  uniform  across  the  section. 
Profiles  of  the  concentrations  showed  severe  distortion  in 
the  bend  owing  to  the  centrifugal  force.  Rashidi  et  al 
(1990)  varied  the  particle  size,  particle  density,  loading 
and  flow  Reynolds  number  and  found  that  large 
(1 100pm)  particles  caused  an  increase  in  the  number  of 
panicle-wall  ejections,  leading  to  an  increase  in  the 
measured  turbulence  intensities  and  Reynolds  stresses. 
Smaller  (120pm)  particles  gave  rise  to  a  decrease  in  the 
number  of  wall  ejections,  causing  a  decrease  in  measured 
turbulence  intensities  and  Reynolds  shear  stresses. 

Previous  studies  of  two-phase  suspension  motion  in 
curved  ducts  have  mostly  used  pipe  flow  which  is 
restrictive  when  using  two-channel  laser  Doppler 
anemometry  because  of  the  curved  walls.  The  present 
work  attempts  to  provide  quantitative  information  on  the 
mean  velocity  distribution  of  both  phases,  the  turbulent 
kinetic  energy  and  shear  stresses  of  the  air  and  the  solids 
concentration.  Results  reported  here  are  limited  to  the 
symmetry  plane  of  a  square  section  bend.  Spherical 
particles  with  a  mean  diameter  of  48Spm  were  used.  The 
solids  mass  loading  ratio  and  flow  Reynolds  number  were 
1.32  and  2.8x  10*,  respectively.  Measurements  were  made 
using  a  two  channel  laser  Doppler  anemometer. 

2.  EXPERIMENTAL  DETAILS 

2.1  Flow  Rig 

Figures  1  and  2  show  a  schematic  diagram  of  the  flow 
rig  and  the  test  bend,  respectively.  The  square  duct  was 
made  of  transparent  perspex  to  allow  optical  access.  A 
vertical  leading  tangent  of  66  hydraulic  diameters  was 
provided  in  order  to  achieve  fully  developed  air  flow  at 
entry  to  the  bend.  A  rigid  steel  platform  was  used  to  gain 
access  to  the  test  bend  and  to  manually  operate  the 
traversing  gear  on  which  the  probe-head  was  mounted. 
An  orifice  flow  meter  and  a  micromanometer  was  used  to 
monitor  the  air  flow.  The  solid  panicles  were  gravity  fed 
into  the  flow  down  a  flexible  tube  through  an  oriflce  and 
a  venturi.  A  cyclone  separator  located  at  exit  from  the 
bend  allowed  separation  and  recycling  of  the  panicles. 


cyclon« 


Figure  1.  Schematic  diagram  of  the  flow  rig 


sc" 


Figure  2.  Test  bend 
2.2  The  LDA  Optics 

A  DANTEC  two-channel  optical  system  operating  in 
the  backscatter  mode  was  used.  It  incorporated  a  SOOmW 
Argon-ion  laser,  colour  separator,  Bragg  cell,  polarization 
preserving  single  mode  optical  flbres  and  an  optical  probe 
head  with  focal  length  160mm.  Table  1  gives  details  of 
the  LDA  system. 
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PARAMETER 

DIMENSIONS 

Focal  length  of  imaging  lens 

160mm 

Beam  separation  distance 

38mm 

1)  3.»488nm 

Fringe  spacing 

2.068)jim 

Probe  volume 

diameter  at  1/e* 

0.0765mm 

Probe  voliune  length 

0.649mm 

2)  >.=514.5nm 

Fringe  spacing 

2.182pm 

Probe  volume 

diameter  at  l/e* 

0.081mm 

Probe  volume  length 

0.684mm 

Table  1.  LOA  system  parameters 

2.3  Instrumentation  and  Signal  Processing 

The  scattered  light  collected  by  the  probe  head  was 
delivered  to  two  photomultipliers.  The  resulting  signals 
were  processed  using  DANTEC  burst  spectrum  analysers 
(BSAs).  System  layout  is  shown  in  Figure  3. 


Figure  3.  Layout  of  the  LDA  system 

Measurements  of  air  flow  in  the  presence  of  solids 
present  many  experimental  ditTiculties  including  the  low 
signal'to-noise  ratio  which  can  lead  to  excessively  low 


data  rates.  Discrimination  against  large  particle  signals  is 
based  on  a  combination  of  a  pedestal  threshold  level  and 
visibility  parameter.  A  further  function  which  allows 
attenuation  of  the  Doppler  burst  pedesul,  when  combined 
with  the  visibility  level,  makes  it  possible  to  discriminate 
against  small  particles,  thus  minimising  cross-talk  between 
phases. 

2.4  Experimental  Procedure 

Stable  conditions  were  achieved  by  running  the  rig  for 
about  one  hour  prior  to  taking  measurements.  Positioning 
of  the  probe  volume  was  achieved  by  means  of  a  manual 
traversing  mechanism  made  of  a  combiiwtion  of 
translation  stages  whose  accuracy  was  within  ±0.0 1mm. 
Estimates  of  probe  positioning  uncertainty  are  given  in 
Table  2  . 


COORDINATE 

UNCERTAINTY 

X 

±2mm 

y 

±0.Smm 

z 

±0.5mm 

e 

±3* 

Table  2.  Maximum  probe  volume  positioning  uncertainty 

All  measurements  were  made  on  the  symmetry  plane 
with  typically  17  points  in  a  profile.  At  each  point  the 
mean  flow  and  turbulence  characteristics  were  obtained 
from  populations  consisting  of  2000  to  4000  sigtud  bursts. 
The  air  was  seeded  with  incense  smoke  and  data  rates  up 
to  IkHz  were  achieved.  Longer  data  acquisition  times 
were  required  close  to  the  walls  to  compensate  for  the 
reduced  signal-to-noise  ratio. 

2.S  Measurement  Uncertainty 

The  How  investigated  consists  of  a  large  axial 
component  and  much  smaller  secondary  flows. 
Misalignment  in  the  orientation  of  the  beams  can  give 
large  errors,  particularly  in  the  case  of  the  secondary  flow 
components,  e  g.  a  1*  misalignment  can  give  an  error  of 
the  same  order  as  the  secondary  component.  Residence 
time  weighting,  Buchave(1979)  was  used  to  correct  the 
measurement  bias.  Measurement  of  transverse  velocity 
components  with  large  standard  deviations  and  small 
means  required  the  collection  of  a  relatively  large  number 
of  signal  bursts  in  order  to  reduce  errors  in  flow  stttistics. 
In  two-phase  flow  measurements,  the  two  main  sources  of 
uncertainty  are  low  signal-to-noise  ratio,  particularly  close 
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to  the  wall,  and  cross-talk  between  the  phases.  Table  3 
contains  details  of  the  estimated  uncertainties.  Velocity 
gradient  and  other  broadening  effects  have  not  been  taken 
into  account  in  the  uncertainty  estimates. 


QUANTITY  UNCERTAINTY(V.) 


Air  Only 

Air  with  solids 

Solids 

k 

±6 

±6 

. 

Ua 

±4 

. 

- 

U 

±2 

±2 

±3 

V 

±5 

±5 

±4 

W 

±5 

±5 

±4 

u” 

±2 

±2 

- 

v’ 

±4 

±8 

- 

• 

w 

±4 

±8 

- 

uv 

±4.5 

±8 

- 

N 

- 

. 

±19 

Table  3 .  Estimates  of  maximum  measurement  uncertainty 

3.  RESULTS  AND  DISCUSSION 

3.1  Mean  Velocities 

Figure  4  shows  non-dimensionalised  mean  velocity 
profiles  along  the  symmetry  plane  of  the  bend  at  locations 
ten  hydraulic  diameters  upstream  of  the  bend  (•lOD^) 
and  0®,  45®,  75®,  and  90®  around  the  bend.  Each  graph 
shows  profiles  of  air  alone,  air  in  the  presence  of  solids, 
and  solids.  The  experiments  were  designed  to  keep  the 
air  flow  rate  constant,  with  or  without  solids  present.  The 
mean  velocity  profiles  at  -10D„  and  0®  for  air  reveal 
similar  features,  reflecting  little  effect  of  the  presence  of 
solids  on  the  air  flow.  The  flatness  of  the  solids  profiles 
is  evident  at  these  locations.  At  45”  there  is  a  marked 
difference  between  the  air  profiles.  Whilst  the  air  alone 
still  exhibits  symmetry,  the  effect  of  the  solids 
concentration  on  the  air  mean  velocity  results  in 
significantly  lower  velocities  towards  the  outside  of  the 
bend.  The  solids  velocities  remain  fairly  constant.  From 
this  point  to  the  exit  of  the  bend  at  90®,  the  two  air 
profiles  gradually  become  similar.  There  appears  little 
evidence  in  the  solids  profiles  that  the  bend  is  having  any 
influence,  the  same  basically  flat  profile  being 
maintained. 

3.2  Turbulent  Shear  Stresses 

The  uv  correlation,  which  gives  a  measure  of  the 
magnitude  of  one  component  of  turbulent  shear  stress,  is 


shown  in  Figure  5.  These  appear  to  have  the  same 
magnitude  and  to  be  unaffected  by  the  presence  of  solids 
at  -IODh  and  0®.  Small  differences  appear  as  the  wall  is 
approached,  with  the  addition  of  the  solids  seemingly 
causing  a  reduction  in  the  magnitude  of  uv.  At  45®  the 
addition  of  the  solids  appears  to  produce  a  marked 
reduction  in  the  magnitude  of  uv  towards  the  outside  of 
the  bend  in  the  region  where  the  mean  velocity  profiles 
are  significantly  affected.  In  the  region  near  the  inside 
wall  and  in  the  core  of  the  duct  the  uv  correlation  values 
are  remarkably  similar  in  magnitude.  At  75®  and  90®, 
similar  trends  of  uv  are  shown  across  the  section  with  the 
larger  values  occurring  near  the  outside  wall. 

3.3  Turbulent  Kinetic  Energy 

Symmetry  plane  k  profiles,  obtained  by  measuring  and 
summing  the  dimensionless  mean  square  values  of  the 
three  velocity  components,  are  shown  in  Figure  6.  The 
results  for  the  air  with  solids  at  -10D„  upstream  and  at  0® 
display  similar  profiles.  At  45®  similar  profiles  of  k 
indicate  generally  little  effect  on  turbulent  energy  levels. 
Towards  the  outside  wall,  there  appears  a  small  reduction 
in  the  levels  of  k.  This  is  seen  to  be  caused  by  reduced 
turbulence  energy  production  caused  by  a  reduction  in 
shear  stress  rather  than  the  mean  velocity  gradient  which 
appears  relatively  unaffected  by  the  presence  of  solids.  It 
is  clear  that  between  0®  and  45®,  levels  of  k  at  the  outside 
of  the  bend  have  increased  accompanied  by  a  decrease  at 
the  inside  wall.  Between  45°  and  75®,  the  turbulent  kinetic 
energy  at  the  inner  wall  shows  a  significant  increase, 
equally  with  or  without  solids,  whilst  values  at  the  outer 
wall  are  maintained.  Levels  of  k  at  the  walls  diminish 
between  75®  and  90®  for  the  air  only  case.  This  reduction 
is  not  evident  in  the  presence  of  solids.  By  comparing  the 
individual  mean  square  values  of  the  three  velocin* 
components  which  make  up  k,  it  is  clear  that  the  addition 
of  solids  did  not  alter  the  isotropic  nature  of  the  turbulence 
in  the  core  of  the  duct. 


3.  4  Particle  Number  Rates 

The  particle  number  rates  presented  in  Figure  7  are 
indicative  of  the  local  solids  concentrations.  Reasonable 
uniformity  of  solids  distribution  is  apparent  at  0®  and  90®. 
The  general  reduction  of  level  at  90®  is  indicating  an 
increase  of  concentration  towards  the  side  walls.  The 
major  feature  of  these  results  is  the  high  level  of  solids 
concentration  towards  the  outside  of  the  bend  at  45°  and 
a  lack  of  solids  towards  the  inner  wall. 
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Figure  5.  uv  correlation  profiles 
along  synmietry  plane 


Figure  7.  Profiles  of  solids  number  rates 
4.  CONCLUSIONS 

1.  In  the  straight  section  of  the  duct,  the  air  mean  axial 
velocity,  turbulent  kinetic  energy  and  the  measured 
component  of  turbulent  shear  stress  are  unaffected  by  the 
presence  of  solids. 

2.  The  major  effect  of  the  presence  of  solids  on  the  air 
flow  was  observed  at  45“  around  the  bend,  a  region 
which  coincides  with  locally  high  solids  concentration. 
The  addition  of  solids  resulted  in  a  significant  reduction 
of  the  air  mean  velocity  and  turbulent  shear  stress  and  a 
smaller  reduction  of  turbulent  kinetic  energy. 

3.  Measurement  of  turbulent  parameters  in  a  two-phase 
bend  flow  has  been  carried  out  successfully  using  LDA. 
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1.  INTRODUCTION 

Pneumatic  conveyance  of  solid  particles  is  of  interest  in 
many  industrial  processes  and  has  direct  applications  in  most 
industrial  powder  handling.  Important  examples  include  coal 
combustion  and  food  processing.  However,  it  is  a  complex 
phenomenon  with  a  technology,  which  at  present  is  mostly 
based  on  empirical  methods.  The  practical  interest  in 
understanding  pneumatic  particle  conveyance  is  to  be  able  to 
optimise  the  efficiency  of  a  pipeline  system  to  transport  a 
given  type  of  powder  under  given  conditions.  A  minimum  air 
flow  is  preferable  to  minimise  both  the  energy  input  to  the 
system  and  erosion  particularly  at  pipeline  bends.  However, 
these  constraints  must  not  lead  to  sedimentation  of  powder  and 
risks  of  blockage  of  the  pipeline.  One  possible  mechanism  of 
particle  deposition  is  the  formation  of  ropes  when  the  air  and 
the  solid  phase  segregate  in  upstream  bends.  Investigations 
using  the  Particle  Image  Velocimecry  technique  (ITV)  (Adrian 
(1991))  for  simultaneous  velocity  measurements  of  the  air-  and 
the  particle-phases  can  provide  more  detailed  experimental 
information  to  aid  understanding  of  pneumatic  conveyance  and 
validation  of  numerical  models  of  this  phencnnenon.  In  this 
case  the  formation  of  ropes  in  a  vertical-io-horizontal  90** 
bend  will  be  studied. 


2.  ROPING  IN  PIPE  BEND 

When  a  two-phase  flow  enters  a  bend  and  changes 
direction,  segregation  of  the  phases  will  occur  if  the 
acceleration  of  the  flow  becomes  comparable  with  or  exceeds 
the  possible  acceleration  of  the  solids  due  to  drag  the  gas 
phase.  If  this  is  the  case  the  solids  will  tend  to  continue  along 
their  original  course  and  at  some  point  collide  with  the  outer 
wall  of  the  bend.  The  curvature  of  the  outer  wall  will  focus  the 
solid-phase  by  a  combination  of  sliding  and  single/multiple 
collisions  and  finally  form  a  more  or  less  dense  rope-shaped 
structure  of  solids,  travelling  along  the  outer  bend  wall.  In  the 
present  situation,  where  the  bend  is  90  degrees  with  a  vertical 
inlet  and  an  outlet  into  a  horizontal  ducting,  the  rope  will 
emerge  from  the  bend  along  the  top  wall  of  the  pipe.  In  the 
ducting  gravity  will  disperse  the  rope,  and  the  solids  will  then 
either  be  picked  up  by  the  gas  flow  again  or  fall  to  the  bottom 


ducting,  where  they  will  form  a  new  rope  and  eventually 
decelerate  and  deposit  (McCluskey  (1989)). 

The  rope  will  have  a  very  high  solid  concentration  and  the 
kinematic  behaviour  of  the  solids  will  therefore  be  strongly 
influenced  by  particle-wake  interaction  and  mutual  collisions. 
Thus  by  mutually  “sheltering"  each  other,  the  rope  formation 
takes  a  consistent  nature,  which  generally  makes  it  difficult  to 
re-disperse  the  rope.  In  a  rope  formation  the  particles  will  be 
in  direct  or  indirect  contact  with  the  wall  all  the  time.  Thus 
high  wall  friction  and  reduced  effective  drag  coefficients 
characterise  the  rope  phenomenon.  Besides  these  points  the 
difficulties  of  splitting  the  rope  iqi  equally  when  bifurcating 
the  pipeline  adds  to  a  general  interest  in  understanding  the 
generation  and  behaviour  of  roping. 

3.  TWO-PHASE  PIV  MEASUREMENTS 

This  extended  PTV  technique  is  unique  in  the  way  that  it 
will  obtain  measurements  frwn  both  the  air-phase  and  the 
particle-phase  simultaneously  and  hence  enable  a  study  of  the 
interaction  between  the  phases.  The  panicle-phase  consists  of 
particles  with  a  mean  diameter  in  the  range  of  50-200pm. 
Under  the  given  conditions  their  inenia  will  introduce 
considerable  slip  velocities,  which  arc  easy  to  measure.  The 
velocity  measurements  of  the  air-phase  is  obtained  by  seeding 
it  with  particles  so  small  (l-2|im)  that  they  can  follow  the 
given  air  flow  within  the  measurement  accuracy  (better  than 
1%).  Thus  by  photographic  means,  the  air-phase  information 
can  be  distinguished  from  the  particle-phase  infenmation.  The 
acquired  PIV  image  is  then  digitised  and  by  means  of  image 
processing,  the  air-phase  seeding  and  the  particle-phase  are 
separated.  A  combination  of  both  image  size  and  intensity  are 
used  to  identify  the  two  types  of  particle  images.  The 
separated  PIV  records  are  then  analysed  independently  using 
conventional  PIV  techniques.  Thus,  the  instantaneous  spatial 
velocity  map  of  each  phase,  and  hence  the  slip  velocity,  can  be 
determined.  Figure  1  demonstrates  a  separation  of  the  two 
phases  on  a  PIV  image  acquired  from  a  set-up  of  a  particle¬ 
laden  jet  issuing  into  a  concurrent  air  stream  (McCluskey 
(1994)). 
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Fig.  1  Separation  of  air-  and  particle-phaae  in  two-phase  PIV 
images.  From  the  top:  a)  The  raw  PIV  image,  b)  The  air-phase 
only  after  the  particles  have  been  idendSed  and  erased,  c)  The 
panicle-phase  only  after  subtracting  the  air-phase  image  from 
the  raw  PIV  image. 


arrangement  and  a  parabolic  minor  then  collimate  the  laser 
beam  into  a  thin  light  sheet.  The  sheet  is  less  than  1mm  thick 
and  intersects  the  pipe  bend  in  the  plane  of  mirror  symmetry  - 
coining  from  above  the  test  section.  The  camera  is  focused  on 
the  plane  of  the  light  sheet  and  is  set  up  to  acquire  double 
exposed  PIV  images  with  a  magnincation  of  0.25.  Below  a 
pulse  separation  of  40ps  the  pulse  energy  decreases  quickly. 
Thus,  restrict  to  using  maximum  pulse  energy,  the  minimum 
size  of  the  interrogation  area  possible  for  analysing  the  PfV 
image  appeared  to  be  3inm  in  the  image  plane. 
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4.  EXPERIMENTAL  SET-UP 


Fig.  2  Experimental  set-up  for  PIV  on  pneumatic  conveyance 
in  a  pipe  bend. 


The  rig  for  the  experiments  on  pneumatic  conveyance  is 
shown  in  figure  2.  A  fan  generates  the  air  flow  and  directs  it 
through  a  small  wind  tunnel  with  grids  and  meshes  to  form  a 
laminar  flow.  The  air  seeding  (com  oil  droplets)  is  introduced 
at  the  first  stage  of  the  wind  tunnel.  The  last  suge  of  the  wind 
turmel  forms  a  contraction  section  to  interface  the  pipeline. 
The  pipeline  is  made  of  glass  and  has  a  inner  diameter  of 
26mm.  The  particle  phase  (glass  spheres)  is  introduced  to  the 
flow  via  a  dust  hopper  at  the  vertical  stage  of  the  pipeline. 
Both  phases  then  enter  the  test  section,  which  consists  of  a  90 
degree  bend  with  a  bend  radius  of  82.S  mm.  After  the  bend 
follows  a  2m  long  horizontal  ducting  before  a  cyclone 
separator  and  the  outlet. 

The  fan  can  give  a  pure  air  flow  velocity  in  the  pipeline  of 
up  to  2Sm/s,  and  can  roughly  be  adjusted  with  the  help  of  a 
pitotstatic  sensor  in  a  range  down  to  near  zero  velocity.  The 
com  oil  droplets  have  a  diameter  of  l-2pm,  a  mass  density  of 
8S0kg/m^  and  are  generated  by  an  aerosol  generator  driven  by 
compressed  nitrogen.  The  glass  spheres  have  a  mean  diameter 
of  75pm  (94%  above  44pm/3%  above  115pm)  and  as  solid 
spheres  they  have  a  mass  density  of  2500kg/m^.  They  can, 
with  the  current  dust  hopper,  be  seeded  at  a  rate  of  1 .2g/s. 

A  double  Q-switched  Nd-YAG  laser  delivers  two  short 
light  pulses  (6-7ns  of  duration)  of  0.1  J  each  at  a  wavelength  of 
532Tun  and  with  a  pulse  separation  in  time  of  50ps.  A  lens 


5.  EXPERIMENTS 

The  figures  3,  4  and  5  show  the  PTV  images  and 
corresponding  velocity  maps  using  an  air  flow  velocity  of 
approximately  15m/s  and  having  a  solid-air  weight-ratio  of  0, 
4%  and  7%  respectively.  Note  that  all  the  figures  and 
corresponding  velocity  maps  of  the  bend  are  rotated  clockwise 
90  degrees  relative  to  the  true  orientation  of  the  bend. 

Figure  3.a  shows  the  entire  pipe  bend  and  highlights  the 
main  problem  of  the  present  experimental  configuration  - 
reflections  of  the  light  sheet  The  lines  along  the  horizontal 
part  of  the  pipe  are  reflections  of  diffracted  light,  emerging 
from  the  areas  where  the  light  sheet  is  transmitted  through  the 
pipe  wall.  The  reflections  only  make  PIV  measurements 
possible  in  a  very  narrow  area  of  the  horizontal  part  of  the 
pipe.  Thus  this  paper  will  only  consider  the  initial  part  of  the 
pipe  bend  as  illustrated  by  the  corresponding  "subtracted" 
velocity  map  of  the  air-phase  in  figure  3.b.  A  tangential 
velocity  of  a  constant  absolute  value  has  been  subtracted  from 
the  velocities  in  the  map  to  illustrate  the  flow  structures  in 
more  detail.  Of  special  interest  is  a  small  region  near  the  inner 
bend  (just  after  the  inlet)  indicated  by  a  relative  broad 
boundary  region  with  low  air  velocity.  Further,  a  tendency  of 
the  velocities  to  have  a  radial  component  directed  towards  the 
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outer  bend  (even  near  the  boundary  at  the  inner  bend)  The  velocity  map  of  the  panicle-phase  (ngurc  4.c) 

illustrates  the  secondary  flow  in  the  bend  (Hawthorne  (1951)).  represents  the  panicle  velocities  under  the  assumption  that  it  is 

the  average  velocity  within  the  interrogation  area.  With  a  low 


Fig.  3:  Air  flow  with  a  solid/air  ratio  of  0%.  From  the  top:  a) 
A  PIV  image  of  entire  pipe  bend,  b)  The  corresponding 
"subtracted"  velocity  map  of  the  air-pliase,  acquired  near  the 
bend  inlet. 


Figure  4. a  shows  the  panicle-phase  entering  the  bend 
almost  uniformly  distributed  over  the  cross  section  of  pipe. 
Particles  colliding  with  the  outer  bend  arc  redirected  either  by 
single  or  multiple  clastic  collisions  or  by  sliding  along  the 
wall.  The  "subtracted"  velocity  map  of  the  air-phase  (figure 
4.b)  loses  data  near  the  inner  bend  (in  the  upper  right  pan  of 
the  illustrated  bend)  due  to  additional  reflections  from  the 
particles.  Near  the  outer  bend,  data  becomes  more  unstructured 
due  to  travelling  single  particles,  whose  wakes  can  not  be 
resolved  with  the  given  experimental  conditions,  fn  general, 
the  effective  air  velocity  within  this  particIc-wakc  area  is 
reduced. 


Fig.  4:  Air-particle  flow  with  a  solid/air  ratio  of  4%.  From  the 
top:  a)  A  PIV  image  of  pipe  bend,  b)  The  corresponding 
"subtracted"  velocity  map  of  the  air-phase,  c)  The  vcl<x:ity 
map  of  the  panicle -phase. 


In  figure  5.a  the  flow  siruclurc  of  ihe  particIc-phasc 
becomes  clearer.  The  relative  high  density  of  particle  images 
(near  the  right  comer  of  the  image)  indicates  the  area  where 
the  particle-phase  is  focused  by  collisions  with  the  pipe  wall. 
Most  of  the  particles  pass  this  region  with  significant  velocity 
components  perpendicular  to  the  measurement  plane.  Thus, 
any  early  state  of  the  rope  will  be  scattered  out  of  the 
measurement  plane  temporarily  and  leave  the  plane 
immediately  upstream  of  the  focus  almost  empty  of  particles. 
However,  the  curvature  of  the  pipe  bend  will  recapture  the 
particles  further  upstream  and  finally  form  a  stable  rope, 
emerging  from  the  bend  along  the  pipe  top  wall. 


Fig.  5:  Air-partiele  flow  with  a  solid/air  ratio  of  1%.  From  the 
lop:  a)  A  PIV  image  of  pipe  bend,  b)  The  corresponding 
"subtracted"  velocity  map  of  the  air-phase,  c)  The  velocity 
map  of  the  particle -phase. 


The  influence  of  the  particle-phase  on  the  air-phase  ( Figure 

5. b)  becomes  more  pronounced  by  increasing  the  solid-air 
ratit).  The  air  flow  appears  to  be  split  into  two  regions  after  the 
focus  of  the  particle-phase;  A  region  near  the  rope  within 
which  particle  wakes  arc  reducing  the  effective  air  velocity 
and  a  region  of  the  "undisturbed"  air  flow  with  almost  no 
particles  but  high  air  velocity.  When  increasing  the  solid/air 
ratio  the  First  region  expands  m  si/.e  and  as  the  second  region 
reduces,  the  air  velocity  of  the  "undisturbed"  air  flow  increases 
due  to  continuity  of  the  flow.  At  the  same  time,  as  figure  5.c 
illustrates,  the  PIV  measurements  of  the  particle-phase 
becomes  more  consistent.  The  measurements  shown  in  these 
Figures  have  not  been  corrected  for  aberrations  due  to  using  the 
pipe  wall  as  a  window  for  the  PIV  measurements. 

6.  FUTURE  WORK 

In  figure  5  a  considerably  cross-talk  between  the  two 
pha.scs  appears  near  the  inlet  of  the  pipe.  This  illustrates  a 
problem  of  separating  the  phases  when  using  algorithms  based 
on  global  thresholds  of  e.g.  intensity.  Near  the  inlet  of  the 
bend  the  intensity  of  the  light  sheet  is  reduced  partly  due  to 
signiFicant  reflections  at  the  pipe  wall,  when  the  angle  of 
incidence  increases,  and  partly  due  to  obstruction  of  the  light 
sheet  by  a  dense  particle -phase  (the  area  of  focus)  just  above 
the  inlet.  Further  it  appears  that  the  light  sheet  illuminates  an 
increasing  number  of  unfocused  particles  when  the  solid-air 
ratio  is  increased.  This  indicates  that  the  forward  scattering 
cone  of  the  particles  near  the  outer  bend  disperses  a 
considerable  amount  of  light  away  from  the  light  sheet  and 
additionally,  by  giving  a  misty  background,  the  scattering 
effects  complicates  the  global  phase-separation  algorithms 
directly.  A  future,  more  efFicicnl  algorithm  for  separating  the 
two  phases  must  therefore  invtilve  local  setting  of  its 
parameters. 

Also,  from  the  point  of  view  of  analysing  the  PIV  image,  a 
new  experimental  configuration  would  be  able  to  overcome 
some  of  the  problems  of  the  present  rig.  By  letting  the  light 
sheet  diverge  from  a  point  near  the  centre  of  the  pipe  bend, 
losses  due  to  reflections  at  the  pipe  wall  can  be  minimised, 
obstruction  of  the  light  by  the  particle -phase  at  high  solid-air 
ratios  will  be  avoided  and  scattering  from  the  particle-phase 
will  be  reduced  due  to  being  backwards  scattering  instead  of 
forward  scattering. 

Finally,  involving  a  second  and  similar  Nd-YAG  laser,  the 
pulse  separation  can  be  reduced  by  a  factor  of  two  thus 
enabling  more  detailed  measurements  in  the  pipe. 

7.  CONCLUSION 

The  work  presented  here  is  preliminary  work  on  a  project 
to  investigate  the  pneumatic  conveyance  in  pipeline  bends  and 
develop  the  PIV  technique  for  this  purpose.  The  first  two- 
phase  PIV  measurements  acquired  on  roping  in  a  pipe  bend 
have  been  shown  and  discussed  in  the  view  of  impniving  the 
experiments  for  more  detailed  measurements.  The  results 
illustrate  a  clear  influence  from  the  particle-phase  on  the  air- 
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phase  when  increasing  the  soUd/air  ratio.  The  air  flow 
sqiarates  into  a  region  of  low  effective  air  velocity  near  the 
forming  rope  and  a  region  of  high  air  velocity  and  a  very  poor 
solid  density.  The  presoit  experiments  have  only  enabled 
measurements  in  the  vertical  part  of  the  bend.  However,  future 
improvements  on  the  experimental  set-up  will  give 
measurements  within  the  entire  pipe  bold,  with  less  cross-talk 
between  the  phases  and  a  higher  spatial  resolution. 
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ABSTRACT 

Bubble-induced  turbulence,  or  pseudo-turbulence, 
appears  in  two-phase  flow  modelling  as  a  Reynolds  stress 
tensor.  The  knowledge  of  this  closure  law  is  needed  to 
predict  the  behaviour  of  bubbly  flows  in  various 
engineering  processes.  Since  Poiseuille  bubbly  flows 
offer  an  opportunity  to  directly  characterise  this  tensor, 
experiments  have  been  done  at  low  Reynolds  number  of 
the  liquid  phase,  and  with  spherical  and  quasi- 
monodispersed  bubbles.  This  paper  provides  transverse 
profiles  of  the  axial  mean  velocities  and  fluctuations  for 
liquid  and  gas  phases  measured  by  PDA.  Adiqitations  of 
the  PDA  system  to  get  access  to  these  variables  are 
reported.  Experimental  data  are  checked  against  global 
flow  rates,  and  the  relative  velocity  is  shown  to  agree 
with  existing  results.  The  importance  of  pseudo¬ 
turbulence  in  Poiseuille  bubbly  flows  is  confirmed,  and 
the  need  for  new  modelling  proposals  of  this  tensor  is 
demonstrated. 


1.  INTRODLf  nON 

Pseudo-turbulence  stands  for  the  agitation  induced 
on  the  continuous  phase  by  the  presence  of  a  di^iersed 
phase.  This  concept,  first  introduced  by  Buyevich  (1971), 
formally  appears  in  two-phase  flow  modelling  as  a 
Reynolds  stress  tensor  :  it  is  one  of  the  closure  laws 
needed  in  the  liquid  momentum  balance  equation. 

Pseudo-turbulence  is  of  importance  in  engineering 
processes  such  as  bubble  columns,  gas-liquid  contactors, 
electrolysis  cells,  aerators,  etc...,  for  which  the  shear- 
induced  turbulence  of  the  continuous  phase  is  weak  or 
absent.  It  could  also  be  of  importance  for  dispersed  gas- 
liquid  flows  in  ducts  at  high  liquid  Reynolds  numbers,  as 
it  has  been  early  shown  by  Sato  andSekoguchi  (1975) 
and  by  Serizawa  et  al.  (1975). 

However,  attempts  to  model  the  pseudo-turbulence 
are  scarce.  Nigmatulin  ( 1979)  derived  a  stress  tensor  for  a 


uniform  cloud  of  clean  spherical  bubbles  at  high 
particulate  Reynolds  number.  Assuming  that  each  bubble 
induces  a  potential  disturbance  of  the  liquid  flow  field,  he 
obtained ; 

vlvl  =  a  [Cti  (vg  -  v?)^  I  ... 

.  /-  /—X  X  — x.,  t*; 

+  Ct2  (vc  -  vl)  (vc  -  vl)1 

where  the  coefficients  C^j  and  C-i^  ate  of  order  unity. 

Similar  formulas  have  been  proposed  by  Biesheuvel  and 
Van  Wijngaarden  (1984),  Lance  (1986),  Arnold  et  al. 
(1990).  However,  eq.(l)  does  not  take  into  account  the 
influence  of  wakes  (especially  for  contaminated 
interfaces),  that  of  collective  effects  (inducing  distorted 
trajectories),  without  speaking  about  the  interactions 
between  the  shear-induced  turbulence  and  the  dispersed 
phase.  To  deal  with  such  a  complexity,  recent  trends  in 
modelling  introduce  a  specific  treatment  for  the  agitation 
induced  by  bubbles  (Lance  and  Lopez  de  Bertodano  (1992), 
Bel  Fdhila  and  Simonin  (1992)). 

Few  investigations  have  been  devoted  to  the 
experimenul  characterisation  of  pseudo-turbulence.  In  a 
turbulent  continuous  flow  field,  it  is  indeed  difficult  to 
separate  its  contribution  from  that  of  the  shear-induced 
turbulence.  The  common  practice,  which  seems  valid  at 
low  void  fraction,  is  to  assume  that  these  two 
contributions  can  be  superposed.  Thus,  the  pseudo¬ 
turbulence  is  obtained  as  the  difference  between  the 
Reynolds  stress  measured  in  two-phase  flow  conditions 
and  that  measured  in  one-phase  flow  at  the  same  liquid 
flow  rate. 

To  directly  quantify  pseudo-turbulence,  we  started  an 
experimental  investigation  of  bubbly  flows  at  low 
Reynolds  number  of  the  continuous  phase  (Caitellier 
(1986)).  Indeed,  while  the  laminar  /  turbulent  transition  is 
not  reached,  the  measured  Reynolds  stress  reduces  exactly 
to  pseudo-turbulence.  Beside,  providing  that  both  mean 
phasic  velocities  are  accessible,  and  that  the  void  fraction 
a  is  known,  the  validity  of  the  eq.(l)  can  be  checked. 


Such  “laminar"  bubbly  flows  have  been  scarcely 
studied.  Sato  et  al.  (1981)  investigated  a  single  laminar 
condition,  probably  with  ellipsoidal  bubbles.  More 
detailed  results  are  available  for  cylindrical  ducts  and  for 
controlled  bubble  size  distributions,  from  Valukina  et  al. 
(1979),  Nakoryakov  et  al.  (1987),  Kashinsky  et  al. 
(1993).  These  authors  use  the  electrochemical  method  to 
get  the  liquid  velocity  and  the  void  fraction  ;  the  gas 
velocity  was  not  measured. 

Our  own  investigations  are  concerned  with  a  plane 
Poiseuille  flow  disturbed  by  spherical  and  quasi- 
monodispersed  bubbles.  Some  experimental  results  have 
been  presented  by  Cartellier  et  al.  (1993,  1994).  The 
purpose  of  the  present  paper  is  to  detail  how  the  Phase 
Doppler  Anemometry  (PDA)  technique  has  been  used  for 
local  liquid  and  gas  velocities  measurements,  and  to 
underline  the  difficulties  encountered  with  it.  Examples  of 
phasic  velocity  profiles  will  be  given,  and  pseudo¬ 
turbulence  measurements  will  be  discussed. 


2.  EXPERIMENTAL  FACILITY 


*  a  Poiseuille  number  P  =  V^\J  (  Pl  g  L  tP)  (or  a 
liquid  Reynolds  number  Re^  =  Pl  Ql  /  (2  L  jil)  ), 
where  Pl  =  Pl  g  is  gravity,  Ql  and  (Jq  are 
respectively  the  liquid  and  gas  flow  rates.  For  this  study, 
P  (or  ReL)  and  ^  are  the  actual  control  parameters. 


The  experimental  facility  is  described  in  Cartellier  et 
al.  (1993) ;  only  key  features  are  given  hereafter.  The  test 
section  (Fig.l)  consists  of  a  vertical  (L^SOOmm  x 
es60mm)  rectangular  duct  of  height  4.5m.  The  liquid  is  a 
mixture  of  water  and  glucose  syrup  ;  its  kinematic 

viscosity  Vl  is  about  30  lO'^m^/s,  its  density  is  Pl  = 

1220  kg/m^,  and  the  surface  tension  with  air  is  0.059 
N/m.  Air  is  injected  at  the  bottom,  through  686 
capillaries  of  internal  diameter  90pm.  The  bubbles  are  all 
spherical.  Their  average  diameterd  (=2a)evolves  slightly 
with  gas  and  liquid  flow  rates  in  the  range  [1.15, 
1.74]mm.  For  given  flow  rates,  the  deviation  of  size 
distributions  is  less  than  20%  of  the  average  diameter, 
thus  their  diameter  is  always  within  the  interval  [0.95, 
2.4]mm. 

These  co-current  upward  bubbly  flows  are 
characterised  by  six  dimensionless  variables  : 

*  a  channel  aspect  ratio  which  is  fixed  (k  =  L/e  ^  8.3), 

*  a  dimensionless  bubble  radius  e  =  a/e,  which  is  almost 
constant  for  these  experiments ;  it  evolves  from  0.0098  to 
0.0145, 

*  a  particulate  Reynolds  number  Rep  =  Pl  G  (2a)^/  Pl^ 

built  with  the  absolute  value  of  the  axial  pressure  gradient 
G,  and  which  varies  between  1  and  5, 

*  a  measure  of  the  contamination  of  interfaces  K  =(,  / 
Pl  where  ^  denotes  the  retardation  coefficient.  ^  has  been 
qualified :  it  leads  to  k  =  6.27,  that  means  that  interfaces 
are  heavily  contaminated, 

*  a  volumetric  gas  flow  rate  ratio  ^  =Qg/(Qg+Ql)- 


Fig.  1  Test  section  and  optical  set-up. 


3.  PDA  IN  BUBBLY  FLOWS 

It  has  been  recognised  early,  probably  first  by 
Davies  (1973),  that  large  bubbles  interacting  with  a  laser 
Doppler  anemometer  (LDA),  could  deliver  exploitable 
bursts.  Large  means  here  a  bubble  of  the  order  or  greater 
than  the  probe  volume.  Since  that  time,  various  problems 
have  been  studied  ;  let  us  recall  briefly  some  of  these. 

The  frequency/velocity  relationship  for  large 
particles  was  discussed  by  Durst  and  Zare  ( 1975),  and  by 
Cartellier  and  Achaid(  1985).  The  latter  authors  have  also 
detailed  the  nature  of  the  velocity  which  is  measured.  It  is 
indeed  important  to  relate  measured  quantities  with 
concepts  introduced  in  modelling,  and  this  question  is  by 
no  means  trivial  in  fluid/fluid  two-phase  flows. 

LDA  in  bubbly  flows  was  mainly  used  for 
continuous  phase  measurements  so  that  efforts  were 
dedicated  to  the  elimination  of  the  data  issuing  from  the 
dispersed  phase  (Mari6(1980),  Theofanous  and  Sullivan 
(1982)).  Some  attempts  have  been  also  done  to  measure 
the  dispersed  phase  velocity  with  LDA  (Mahalingam  et  al. 
(1976),  Ohba  and  Yuhara  (1979)).  To  discriminate 
between  phases,  various  procedures  have  been  proposed 
based  on  waveform  analysis  or  on  the  relative  velocity. 
None  of  these  is  fully  satisfactory.  Thus,  the  advent  of 
PDA  allowing  simultaneous  measurements  of  size  and 
velocity  has  provided  a  priori  a  reliable  mean  for  the 


discrimination  between  phases.  Simulations  of  the 
response  of  large  spherical  bubbles  have  given  some 
confidence  on  size  measurements  (Saffman  et  al.  (1984), 
BomerandZhan  (1988),  Brenade  la  Rosa  et  al.  (1989), 
Cartellier  (1992)).  Defects  of  PDA  such  as  trajectory 
ambiguity  start  to  be  analysed  in  detail  (Orphan  et  al. 
1994),  and  alternate  solutions  are  now  proposed  (Vassallo 
et  al.  (1993)).  However,  while  PDA  has  been  extensively 
used  for  mist  flows,  its  application  in  bubbly  flows 
involving  large  bubbles  is  still  not  so  common,  partly 
because  bubble  shapes  are  usually  highly  distorted, 
hindering  thus  accurate  size  measurements. 

The  bubbly  flow  investigated  here  is  well  suited  for 
PDA  since  (i)  bubbles  remain  spherical  (which  is  a 
necessary  condition  for  accurate  size  estimates)  (ii)  their 
size  distribution  is  narrow,  and  (iii)  the  size  of  tracers  is 
kept  below  30)im  thanks  to  mechanical  filtering. 
Although  few  bigger  tracers  are  expected  to  be  also 
present  (rust  from  pumps),  the  size  distribution, 
composed  of  two  well  separated  peaks,  is  almost  ideal. 
Yet,  the  next  sections  will  show  that  practice  is  not 
straightforward. 

3. 1  The  PDA  system 

All  the  results  given  hereafter  have  been  obtained 
with  a  PDA  from  Aerometrics  (transmitter  model  XMT- 
1200-4S,  receiverRCV-2200).  The  signal  processing  is  a 
counter  (software  version  4.27F).  Incident  beams  are 
perpendicular  to  the  thick  glasses  which  form  the  largest 
side  of  the  channel.  The  deviation  D  is  relative  to  the  fluid 
medium.  The  actual  deviation  in  air  is  larger  due  to  the 
refractive  index  of  the  fluid  which  is  about  1.47.  To 
correct  for  this  effect,  a  triangular  tank,  filled  with  the 
liquid  used  in  the  test  section,  is  placed  along  the  glasses. 
It  allows  the  light  scattered  by  bubbles  at  D=40°to  cross 
the  liquid/air  interface  at  normal  incidence.  Thus,  the 
projected  fringe  width  as  seen  by  the  detector  could  be 
corrected  by  simple  formula. 

3.2  Simultaneous  measurements 

A  first  difficulty  consists  in  the  choice  of  an 
adequate  optical  configuration.  For  our  apparatus, 
phase/diameter  relationships  for  bubbles  are  available  fw 
receivers  located  in  the  plane  of  fringes,  and  for  D=40°  or 
60“  in  the  reflection  mode.  Only  D=40“  is  possible  here 
due  to  the  high  refractive  index  of  the  liquid.  Since  the 
fringe  spacing  5  defines  the  accessible  size  range,  the  sizes 
of  bubbles  lead  to  choose  5  as  large  as  i00)im 
(collimating  lens  160mm.  frontal  lens  Im,  track  1).  With 
the  existing  software,  simultaneous  measurements  imply 
that  the  same  phase  /  diameter  relationship  is  applied  to 
both  phases.  Since  the  nature  of  tracers  was  not  known 


(water is  naturally  seeded), the  relation  used  for  bubbles  is 
probably  not  valid  for  tracers.  However,  this  is  expected 
to  have  a  weak  influence  on  velocity  measurements. 
Indeed,  since  tracers  are  smaller  than  the  fringe  spacing, 
their  phase  cannot  be  miscalculated  as  corresponding  to  a 
bubble.  Thus,  cross  talk  error  is  avoided  even  though  the 
diameter  of  tracers  is  not  well  measured. 

Another  difficulty  is  related  with  the  large  difference 
of  amplitude  between  bursts  delivered  by  tracers  and  bursts 
delivered  by  bubbles.  Indeed,  it  is  difficult  to  adjust  the 
PM  voltage  and  the  trigger  level  to  obtain  comparable 
validation  rates  for  both  phases.  This  problem  becomes 
more  and  more  crucial  as  the  void  fraction  increases  since 
the  background  noise  induced  by  multiple  scattering  on 
bubbles  increases  in  proportion.  Beside,  to  ensure  an 
acceptable  accuracy  during  the  digitalisation  of  bursts,  the 
size  range  dynamic  is  restricted  to  a  factor  of  about  36.  If 
diameters  up  to  3mm  are  to  be  detected,  the  minimum 
detectable  size  is  about  SOpm.  Inversely,  if  tracers  are  to 
be  seen,  it  is  not  possible  to  include  large  bubbles  in  the 
same  acquisition.  Clearly,  simultaneous  measurements  of 
phasic  velocities  with  this  system  are  impossible  in  our 
conditions  ;  only  the  gas  phase  is  well  detected  with  this 
optical  configuration. 

3.3  Separate  measurements  with  a  single  optical  set-up 

To  detect  the  tracers  with  the  previous  optical 
configuration,  we  have  tried  to  eliminate  the  information 
relative  to  bubbles.  In  this  prospect,  one  can  think  to 
exploit  a  difference  between  reflection  and  refraction 
modes  :  these  modes  deliver  projected  fringes  with 
opposite  sense  of  rotation  on  the  detector.  To  check  the 
feasibility  of  this  procedure,  it  was  first  necessary  to  test 
the  ability  of  the  system  to  detect  the  sense  of  rotation  of 
the  projected  fringes.  This  was  done  in  a  simple 
experiment  where  a  stream  of  monodispersed  bubbles  is 
generated  by  a  single  capillary  tube.  A  change  from 
reflection  to  refraction  mode  did  not  bring  any  difference 
on  the  recorded  histograms.  The  processing  is  thus  unable 
to  detect  the  sense  of  rotation  of  fringes,  so  the  validation 
of  bursts  delivered  by  bubbles  cannot  be  hindered. 
Another  solution  is  needed  to  get  access  to  the  liquid 
phase. 

3.4  Separate  measurements 

Simultaneous  measurements  being  not  possible 
with  this  system,  we  choose  to  optimise  the  optical 
conflguration  according  to  the  phase  to  be  detected. 

For  the  gas  phase,  the  optical  set-up  described  in 
§3.1  is  used.  The  gas  velocity  is  obtained  by  considering 
only  the  sub-set  of  data  corresponding  to  diameters  above 
950)im.  The  results  are  almost  insensitive  to  this 
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procedure  because  very  few  data  are  below  this  size.  Due 
to  the  existence  of  noise,  the  sensitivity  of  the 
measurements  to  the  threshold  level  has  been  checked. 
The  axial  mean  gas  velocities  are  almost  insensitive  to 
this  parameter  over  a  reasonable  range.  The  fluctuation, 
overestimated  at  low  threshold,  reaches  a  well  defined 
plateau  for  higher  values,  as  it  can  be  seen  in  Fig.2. 
Notice  also  that,  to  improve  the  accuracy,  validation 
criteria  were  strengthened.  This  choice,  combined  with 
the  low  void  fraction  investigated,  lead  to  validation  rates 
below  I  Hz. 
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Fig.2  :  Threshold  effect  on  gas  velocity  fluctuations. 

For  the  liquid  phase,  it  is  necessary  to  increase  the 
amplitude  of  bursts  delivered  by  tracers  above  the  level  of 
the  noise  induced  by  surrounding  bubbles.  This  is  done  by 
positioning  the  receiverat  a  lower  deviation,  namely  15° 
(the  Uiangular  tank  is  not  used).  Since  the  discrimination 
cannot  be  ensured  by  size  measurements,  we  used  an 
alternative  procedure  based  on  visibility.  The  idea, 
previously  exploited  for  LDA  (Cartellier  (1987)),  is  to 
match  the  projected  fringe  spacing  to  the  detector  sensitive 
area  to  increase  the  visibility  of  bursts  emitted  by  tracers. 
In  the  same  time,  the  projected  fringe  spacing  from 
bubbles  5’  becomes  quite  small  (it  evolves  as  l/a). 
Providing  that  5’  is  much  less  than  the  detector  aperture, 
the  visibility  of  the  corresponding  bursts  strongly 
decreases  leading  to  their  rejection  by  the  validation 
criteria.  This  procedure  was  adjusted  by  using  raw  signals, 
as  shown  in  Fig  3  a  and  b.  It  is  also  probable  that  for 
such  a  deviation,  the  bubble  bursts  are  composed  of 
reflected  and  refracted  rays  :  the  combination  of  modes 
leading  to  distorted  modulations,  this  effect  reinforces  the 
elimination  of  bubble  signals. 

An  additional  criteria  is  imposed  on  the  burst 
amplitude.  A  typical  size  /  amplitude  plot  is  given  in 
Fig.4.  In  that  optical  configuration,  the  detectable  size 
range  is  restricted  to  60^m  ;  thus  the  bubbles  can  be  seen 


Fig.3  -  a  :  Tracer  burst  for  D=I5°. 


Fig.3  -  b  ;  Bubble  burst  at  D=I5°. 


as  small  particles  due  to  the  periodicity  of  the  phase  / 
diameter  relationship.  However,  very  few  dau  correspond 
to  a  high  amplitude,  that  means  that  very  few  bubbles  am 
actually  detected  and  validated  :  this  supports  the 
proposed  procedure.  The  existence  of  low  amplitude  data 
even  above  30pm  could  be  explained  by  the  mode  chosen 
i.e.  reflection  30  which  does  not  give  the  correct  phase  / 
diameter  relationship  for  tracers  (D=l  5°,  the  nature  of 
tracers  is  unknown).  Thus,  to  avoid  as  far  as  possible 
cross  talk  error,  the.  validation  is  restricted  to  the  data 
enclosed  in  the  triangle  ABC  depicted  in  Fig.4. 

Clearly,  this  somewhat  qualitative  procedure  needs 
to  bcconrirmedandquantifie.lt  should  be  considered  as  a 
practical  tentative  whose  efficiency  will  be  checked  by  the 
coherence  measurements. 


Intensity  • 


Fig.4  :  Sizc/ampiitude  plot  for  D=15°. 

3.S  Additional  difficulties 

During  the  experiments  on  bubble  streams,  the 
validity  of  size  measurements  at  D=40°  has  been  tested. 
Most  recorded  size  histograms  have  a  marked  narrow  peak. 
The  agreement  with  the  size  obtained  from  photographs  is 
about  10%.  Starting  with  a  given  regular  stream  of 
bubbles,  the  injector  was  slightly  moved,  inducing  a  shift 
of  the  bubbles  trajectories  parallel  to  the  plane  of  fringes : 
the  size  histogram  thus  obtained  exhibits  two  well  defined 
peaks  (Fig.5)  ;  the  modified  trajectory  leads  here  to  an 
underestimation  of  the  size. 
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Fig.5  ;  Double  peak  size  histogram  due  to  trajectory 
influence. 

In  the  test  section,  an  opposite  tendency  was 
sometimes  observed  since  some  size  histograms  contains 
both  true  diameters  (around  2.2mm)  and  overestimated 
diameters  up  to  3.4mm.  This  trend  agrees  with  the 
simulations  of  Grehanet  al.  (1994).  The  reasons  for  the 
presence  or  absence  of  this  defect  are  not  clear.  Possibly, 
for  some  flow  conditions,  strong  interactions  between 


bubbles  lead  to  huge  variations  of  trajectories  while,  at 
low  void  fraction,  the  deviations  from  vertical  trajectories 
are  less  pronounced,  and  the  corresponding  histograms  do 
not  exhibit  such  overestimated  sizes  such  as  that  shown 
in  Fig.6. 
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Fig.6  ;  Bubble  size  histogram  recorded  with  PDA. 

Another  technical  problem  was  encountered.  Indeed, 
the  velocities  to  be  measured  are  quite  low  (0  to  SOcm/s), 
inducing  low  Doppler  frequencies  especially  during  gas 
measurements  for  which  the  fringe  spacing  is  large.  The 
electronic  filters  of  out  system  being  unable  to  process 
these  frequencies,  a  frequency  shift  has  to  be  used  in  all 
cases.  This  shift,  obtained  by  the  rotation  of  the  gratings, 
cannot  be  less  than  2m/s  because  the  roution  is  unstable 
below  approximately  200  rpm.  As  a  result,  the  frequency 
shift  is  much  higher  than  the  frequency  range  of  bursts, 
and  it  induces  a  loss  of  accuracy  on  velocity 
measurements,  and  probably  a  high  artificial  turbulence 
which  is  hard  to  quantify.  For  the  liquid  phase,  the 
situation  is  bener  because  of  the  lower  fringe  spacing  used 
(5  =  2.7|im).  The  artificial  turbulence,  checked  in 
Poiseuille  flow,  has  been  found  to  be  about  3%  :  this 
value,  although  not  excellent,  is  low  enough  to  allow 
representative  measurements  of  pseudo-turbulence  in  two- 
phase  conditions. 

4.  MEAN  VELOCITIES  AND  VOID  FRACTION 

Experimental  results  given  hereafter  have  been 
obtained  3  meters  above  the  injector.  Typical  transverse 
(y  direction)  liquid  velocity  profiles  obtained  in  the 
median  plane  (x=0)  are  shown  in  Fig. 7  for  P=2.5%.  For 
Rej^  =160,  the  global  liquid  flow  rate  deduced  from  these 

data  (combined  with  the  liquid  fraction  distribution)  agrees 
within  4%  with  global  measurements.  For  other  Rej^,  the 

flow  is  not  exactly  two-dimensional  (Cartellier  et  al. 
(1993))  and  the  comparison  exhibits  defects  up  to  10%. 
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The  deviation  from  the  parabolic  solutioa  of  Poiseuille 
flow  is  pronounced  especially  near  walls. 


Fig.7  :  Axial  liquid  velocity  profile  for  P  =  2.5%. 

When  the  liquid  Reynolds  number  increases,  a  secondaiy 
motion  appears  in  the  vicinity  of  walls  where  the  liquid 
flows  downward.  This  behaviour  has  also  been  observed 
in  bubble  columns. 

Fig  8  gives  all  the  local  variables  for  fixed  flow 
rates.  Although  these  measurements  have  been  done  over 
different  days,  i.e.  with  slightly  different  liquid 
viscosities,  the  gas  velocity  follows  closely  the  liquid 
profile.  Also,  the  relative  velocity  is  in  agreement  with 
available  data  (Cartellieret  al.  (1993))  except  at  the  center 
of  the  channel  and  near  walls.  The  former  error  is 
attributed  to  the  bad  convergence  of  the  average  velocities 
;  indeed,  by  doubling  the  number  of  data,  a  relative 
velocity  of  2.2  cm/s  was  obtained,  a  value  which  is  close 
to  the  expectedone  (i.e.  2.8cm/s).  For  the  wall  region,  it 
must  be  noticed  that  no  correction  has  been  introduced  for 
the  localisation  of  the  actual  probe  volume  for  bubbles. 
Indeed,  the  largest  dimension  of  this  volume  is  directed 
along  y,  and  it  is  quite  huge  (few  centimetres)  for  the 
optical  set-up  used  for  bubbles.  Thus,  it  is  difficult  in 
practice  to  precisely  control  the  locii  of  measurements. 
This  uncertainty  is  probably  larger  than  the  probe  volume 
correction  which  is  of  the  order  of  the  bubble  size.  Beside, 
bubbles  never  stick  on  the  wall,  and  are  not  much 
deformed  in  the  vicinity  of  the  wall.  Thus,  it  is  senseless 
to  try  to  get  gas  measuremenu  at  distances  to  the  wall 
less  than  a  bubble  radius.  For  Re£^=300  and  ^2%,  the 

average  bubble  diameter  is  1.46mm.  Thus  gas 
measurements  were  stopped  at  0.7mm  from  the  wall  ; 
beyond  this  point,  no  validation  occurs. 


Fig.8  :  Profiles  of  local  variables  for  Re£^=300.  P  =2%. 

The  agreement  between  global  flow  rates  and  those 
obtained  by  the  integration  of  transverse  profiles 
(weighted  by  the  void  fraction)  ate  7%  for  the  liquid  phase 
and  1.5%  for  the  gas  phase.  This  gives  some  confidence 
in  the  proposed  discrimination  technique. 


5.  PSEUDO-TURBULENCE 

Only  the  axial  velocity  fluctuations  have  been 
measured.  Fig.8  illustrates  the  high  values  recorded  for 
this  term  :  in  the  center  of  the  channel  where  the  void 
fraction  is  less  than  2%,  the  gas  fluctuations  are  about 
10%,  and  the  liquid  fluctuations  are  about  6%.  Similar 
magnitudes  are  reported  by  Kashinsky  et  al.  (1993).  Other 
profiles  of  the  liquid  fluctuations,  given  in  Fig.9,  show 
comparable  values  of  the  liquid  agitation  for  various  Re^. 


Fig.9  :  Liquid  axial  velocity  fluctuations  for  p  s  2.5%. 
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To  analyse  the  modifications  of  the  liquid 
fluctuations  versus  the  control  parameters,  additional 
measurements  have  been  done  at  the  center  of  the  duct,  in 
a  region  where  the  void  fraction  is  nearly  uniform.  The 
evolution  of  the  relative  fluctuation  with  Re[^  at  fixed 
values  of  ^  is  given  in  Fig.  10.  Gas  fluctuations  are 
clearly  larger  than  those  of  the  liquid  phase,  despite  the 
uncertainty  due  the  artificial  turbulence  (see. §3. 5).  From 
Fig.  1 1,  the  fluctuations  are  shown  to  increase  with  ^ 
with  a  sharp  increase  at  low  gas  content.  Notice  that  PDA 
results  are  in  good  agreement  with  the  data  obtained  with 
conical  hot  film  probes  (indicated  as  HFP). 
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Fig.  10  :  Axial  fluctuations  for  both  phases  for  ^  =2%. 


Finally,  eq.(l)has  been  checked  using  measured  variables. 
Since  the  fluctuations  are  of  the  magnitude  of  the  relative 


velocity,  the  coefficient  C-pj  are  not  of  order  one  but  are 
far  greater.  In  fact,  these  experimental  conditions  deviate 
from  the  hypothesis  of  the  model  since  the  particulate 
Reynolds  number  is  rather  low.  Thus,  the  flow 
disturbances  are  mainly  due  to  the  distorted  trajectories 
observed  in  our  conoitions.  Such  complex  trajectories  are 
induced  by  strong  interactions  between  bubbles, 
interactions  which  are  promoted  here  by  the  high 
viscosity  of  the  continuous  phase.  Thus,  new  closure 
laws  traducing  such  effects  are  needed. 


6.  CONCLUSION 

PDA  has  been  applied  to  an  almost  ideal  bubbly 
flow  composed  of  spherical  bubbles  with  a  narrow  size 
distribution  and  tracers  of  much  smaller  size. 
Simultaneous  measurements  have  been  shown  to  be 
impossible  with  our  PDA.  An  alternate  solution  has  been 
proposed,  which  gives  access  to  mean  and  fluctuating 
components  of  both  phasic  velocities.  The  experimental 
profiles  have  been  cross-checked  with  available  results, 
demonstrating  the  correctness  of  the  measuring  technique. 
However,  improvements  are  necessary  to  ensure  (i)  a 
better  discrimination  between  phases,  (it)  an  accurate 
localisation  of  the  measurements,  and  (iti)  a  reliable 
detection  of  the  continuous  phase.  It  is  hoped  that  detailed 
simulations  of  PDA  will  provide  some  solution  to  these 
problems. 

A  first  quantification  of  pseudo-turbulence  in 
Poiseuille  bubbly  flow  has  shown  that  the  theor«ical 
proposal  is  in  default  when  strong  interactions  between 
bubbles  occur.  Thus  there  is  a  crucial  need  for  modelling 
pseudo-turbulence  by  including  such  effects.  Future 
experimental  studies  will  be  dedicated  to  quantify  the 
transverse  fluctuations  (along  y)  and  some  extra  diagonal 
terms  among  which  the  zy  component  which  is  expected 
to  play  a  major  role  in  the  dynamics  of  Poiseuille  bubbly 
flows. 
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ABSTRACT 

The  swollen  polymer  method  is  an  established  techni¬ 
que  for  the  measurement  of  both  local  and  avc  aged  mass  trans¬ 
fer  coefficients,  but  in  the  past  attempts  to  determine  local  trans¬ 
fer  coefficients  by  using  this  method  in  conjunction  with  live 
fringe  holographic  interferometry  have  been  hampered  by  spur¬ 
ious  fringe  movements.  By  using  a  prism  to  gain  optical  access 
to  the  polymer  surface  from  behind  it  is  nossible  to  eliminate 
these  movements  and  get  quantitative  measurements  of  the  local 
transfer  coefficient  solely  from  the  observation  of  live  fringes. 
As  an  illustration  of  this  technique,  measurements  are  reported 
of  the  convective  mass  transfer  coefficients  due  to  a  free  jet 
impinging  on  a  flat  surface  from  a  distance  of  2.1  tube  diameters 
at  Reynolds  numbers  of  8100  to  18700. 

1.  INTRODUCTION 

The  swollen  polymer  method  is  an  established  techni¬ 
que  for  making  mass  transfer  measurements  which  has  several 
advantages  over  the  conceptually  similar  napthalene  sublimation 
technique.  A  test  surface  is  coated  with  a  layer  of  silicone 
rubber  which  is  then  swollen  to  equilibrium  with  an  appropriate 
solvent.  Evaporation  of  the  solvent  causes  the  polymer  layer  to 
shrink  and  it  can  be  shown  that,  for  an  initial  period  of  time  (the 
"constant  rate  period"),  the  local  rate  of  recession  is  directly 
proportional  to  the  local  mass-transfer  coefficient  (Macleod  & 
Todd  1973).  The  use  of  live-fringe  holographic  interferometry  to 
measure  surface  recession  can  provide  both  qualitative  and 
quantitative  results  in  teal  time  over  the  whole  field  of  view. 

Previous  users  of  this  technique  (Larez,  1982;  Gholi- 
zadeh,  1992)  have  observed  spurious  fringe  movements,  mainly 
of  two  distinct  kinds  known  as  "woozing"  and  "wavering", 
which  make  it  difficult  to  determine  fringe  order  accurately  at  a 
given  point.  Woozing  involves  the  concerted  motion  of  all  vis¬ 
ible  fringes,  and  is  attributable  to  refractive  index  variation  in 
the  path  of  the  reference  beam.  Wavering  is  localised  motiem, 
say  only  of  part  of  one  fringe,  which  is  caused  by  refractive 
index  fluctuations  in  the  fluid  near  the  test  objea. 


These  refractive  index  changes  in  the  fluid  arc  due  to 
composition  variations:  different  fluid  regions  may  contain  dif¬ 
ferent  amounts  of  the  solvent.  Near  the  swollen  polymer  surface 
large  concentration  gradients  may  be  present,  which  will  pro¬ 
duce  the  wavering  effect  in  an  analogous  process  to  the  every¬ 
day  phenomenon  of  heat  shimmer.  The  large  scale  movement  of 
fluid  away  from  the  mass-transferring  surface  will  also  tend  to 
carry  solvent  vapour  into  the  relatively  narrow  unexpanded 
beams,  causing  the  woozing  effect.  Wavering  and  woozing 
could  also  be  due  to  thermal  effects  in  certain  situations,  such  as 
where  the  jet  is  at  a  different  temperature  to  the  surroundings. 

By  incorporating  a  right-angle  prism  into  the  coated 
substrate  (Fig.  1),  it  is  possible  to  make  holograms  of  the  trans¬ 
parent  polymer  coaling  from  behind  by  using  the  phenomenon 
of  total  internal  reflection;  thus  keeping  the  light  paths  away 
from  solvent  laden  fluid  (Harper  and  Macleod,  1978).  Problems 
arising  from  a  progressive  loss  of  fringe  contrast  have  been 
reported  with  this  total  internal  reflection  technique  in  the  past, 
but  were  not  encountered  in  this  work. 


Total  Internal  Reflection 

Figure  1 :  Diagram  showing  that  direct  view  illumination  of  the 
lest  plate  passes  through  the  solvent-laden  fluid,  whereas  the 
total  internal  reflectian  method  avoids  this. 
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As  mass  transfer  proceeds,  alternate  light  and  dark 
interference  fringes  form  when  the  receding  surface  is  viewed 
through  a  hologram  of  its  original  state.  The  fringes  will  be  seen 
to  move  away  from  areas  of  high  mass-transfer  towards  areas  of 
low  mass-transfer.  For  a  flat  test  surface  the  fringes  will  repre¬ 
sent  contour  lines  of  equal  mass  transfer  coefficient.  Local 
maxima  in  the  mass-transfer  coefficient  show  up  as  sources  of 
fringes  and  local  minima  show  up  as  areas  where  fringes  con¬ 
verge  and  vanish.  The  local  mass  transfer  rate  at  a  given  point 
can  be  found  simply  from  counting  the  number  of  fringes  pass¬ 
ing  that  point  during  a  known  time,  while  the  distribution  is 
clearly  apparent  from  the  overall  fringe  pattern. 

After  use  the  test  plate  can  easily  be  restored  simply 
by  re-soaking  in  a  bath  of  solvent  for  a  couple  of  hours.  Use  of 
different  solvents  allows  a  wide  choice  of  transfer  rate  to  suit 
different  conditions  and  allows  investigation  of  the  effects  of 
Schmidt  number  variation. 


2.  THEORY 

During  the  constant  rate  period  the  volumes  of  the 
solvent  and  the  polymer  are  taken  to  be  strictly  additive,  i.e.  if  a 
region  of  the  swollen  polymer  surface  of  area  &4  recedes  a 
distance  h  due  to  the  evaporation  of  solvent  over  a  time  I,  then 
the  volume  of  liquid  solvent  lost  can  be  taken  to  be  /■  M.  The 
mass  of  solvent  lost  must  then  be  ft  p  &4.  where  p  is  the  den»ty 
of  the  liquid  solvent,  and  so  it  can  be  seen  that  the  mass  flux  per 
unit  area  ih  will  be  given  by: 

M  =  (1) 

The  surface  recession  h  is  measured  by  holographic 
interferometry  as  follows:  if  one  bright  fringe  passes  across  the 
point  of  interest,  then  the  optical  path  through  that  point  has 
been  altered  by  the  surface  recession  by  one  wavelength  X.  It  is 
convenient  to  relate  the  surface  recession  with  the  path  length 
change  by  using  a  geometrical  constant  C,  whose  value  will 
depend  on  the  refractive  index  of  the  swollen  polymer  and  the 
angle  at  which  the  light  is  reflected  from  the  surface,  such  that 


X=  NWe 

(2) 

Msp  yC  Nil 

(3) 

where  N  is  the  number  of  bright  fringes  that  pass  over  a  point 
during  a  time  t. 

The  mass  flux  per  unit  area  is  proportional  to  the 
concentration  driving  force,  so  we  have 

*  =  pw(c^-g  (4) 

where  p  is  the  mass  transfer  coefficient,  M  the  molar  mass  of 
the  swelling  agent  and  and  are  the  molar  concentrations  of 
the  agent  at  the  polymer  surface  and  in  the  bulk  of  the  fluid 
respectively.  The  latter  can  be  taken  to  be  zero.  During  the 


constant  rate  period  the  swelling  agent  in  the  polymer  will  be  in 
equilibrium  with  that  just  outside,  and  so  c  can  be  obtained 
from  the  vapour  pressure  of  the  solvent  P  by  using  the  Ideal 
Gas  Equation  to  get: 

c  =P  IRT  (5) 

w  s 

Substituting  {’')  inif>(4)  then  gives 

(h  =  PAf  P  /RT  (6) 

Re-arranging  and  substituting  (3)  in  thus  gives: 

P  =  1000  (X  RTICPM^)  Nit  (7) 

where  all  quantities  are  in  common  metric  units.  The  factor  of 
one  thou.sand  is  due  to  the  fact  that  M  is  usually  expressed  in 
grams  per  mole,  rather  than  kilograms/mole. 

The  above  analysis  is  valid  for  both  the  direct  viewing 
and  total  internal  reflection  methods  as  the  only  difference  will 
be  in  the  value  of  C  used.  For  the  total  internal  reflection  work 
the  value  of  C  was  1.89,  whereas  for  a  typical  direct  view  case  C 
is  around  unity. 

The  mass  transfer  coefficient  p  may  be  non- 
dimensional  ised  as  the  Sherwood  number  Sh: 

Sh  =  PL/D  (8) 

where  /,  is  a  typical  length  for  the  system  and  D  the  diffusion 
coefTicient  of  the  swelling  agent  in  the  fluid. 

3.  EXPERIMENTAL  METHOD 

The  test  surface  was  made  by  setting  a  glass  right- 
angle  prism  64  by  64  by  91  mm  with  its  hypotenuse  flush  with 
the  surface  of  an  Aluminium  sheet  200  by  200  mm  (Fig.  2),  and 
applying  a  uniform  layer  of  GE  RTV  61S  transparent  silicone 
rubber  about  1mm  thick  over  the  entire  front  face.  The  rubber 
was  then  left  to  cure  at  room  temperature  for  24  hours,  forming  a 
smooth  front  surface  as  it  set.  The  cured  polymer  was  initially 
swollen  by  putting  the  plate  face  down  in  a  tray  of  Ethyl  Salicy¬ 
late  for  a  day. 

The  removable  test  plate  was  supported  in  a  kinematic 
mount  on  an  air-cushioned  optical  table.  Holograms  were  made 
using  a  Newport  HC300  thermoplastic  holographic  camera  with 
an  HCSOO  controller.  Illumination  was  provided  by  a  polarised 
Z5mW  Helium-Neon  laser.  The  object  and  reference  beams  were 
separated  using  a  variable  ratio  beam  splitter  and  both  were 
spatially  filtered  by  microscope  objectives  and  pinholes.  A 
ground  glass  plate  was  placed  in  the  object  beam  just  before  and 
as  close  as  possible  to  the  prism  to  reduce  glare.  The  HCSOO 
controller  automates  hologram  production  after  the  initial  set¬ 
ting  up,  and  the  holograms  are  ready  to  view  )^>proxinuitely  ISs 
after  exposure. 
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The  plate  was  then  subjected  to  a  normal  free  jet  of 
compressed  air  from  a  plain  circular  noz2le  7  mm  in  diameter 
ISmm  from  the  plate,  with  Reynolds  numbers  ranging  from 
8100  to  18700  based  on  the  tube  diameter.  The  air  was  taken 
from  the  building's  compressed  air  supply,  with  the  flow  rate 
measured  by  a  rotameter. 

As  the  mass  transfer  progressed  the  developing  fringe 
pattern  was  recorded  with  a  video  camera  on  to  VHS  videotape, 
for  later  analysis. 


V/C-Vld«o  Camera 
T/O-Tima/Date  Generator 
VCRaVideo  Recorder 
U/S>UonlUr 
HP-Holegraphic  Plate 
SP^Spotial  niter 
PD>  Power  Detector 
S- Shutter 
BSwBeam  Splitter 


-Compresied  Air 


Subatr«t« 


Swollen  Polymer 
Surface 
Protled  Glasa 


HVP|— IvcrMmTs 

Figure  2:  Experimental  layout. 


4.  RESULTS 

Figure  3  shows  part  of  a  series  of  photographs  of  live 
fringes  developing  al  a  Reynolds  number  of  about  16  000.  They 
appear  elliptical  as  they  are  being  viewed  at  an  angle  (Fig.  2). 
Line  A  indicates  the  stagnation  point,  where  two  successive  dark 
fringes  can  be  seen  to  form  and  spread  outward. 

Fringes  can  also  be  seen  to  form  and  move  out  from 
the  area  marked  by  line  C  (dark  fringes  forming  in  frames  2  and 
S).  This  indicates  a  secondary  maximum  in  transfer  coefficient, 
separated  from  the  central  maximum  by  a  local  minimum  at  line 
B,  where  fringes  can  be  seen  to  merge  (light  fringes  in  frames  1 
and  3). 


Figure  3:  Part  of  a  series  of  photographs  of  live  fringes  develop¬ 
ing  at  a  Reynolds  number  of  about  16  000,  with  the  stagnation 
point  A  and  secondary  minimum  B  and  maximum  C  of  mass 
transfer  indicated. 


5.  CONCLUSION 


As  the  now  rate  is  increased  the  difference  between 
the  secondary  maximum  and  minimum  becomes  greater, 
whereas  at  lower  How  rates  they  merge  into  a  plateau.  Figure  4 
shows  the  results  from  several  runs  at  different  Reynolds 
numbers,  as  well  as  normalised  local  Nusselt  numbers  obtained 
for  a  jet  with  a  Reynolds  number  of  23300  by  Baughn  et  al 
(1991)  using  a  liquid  crystal  technique. 

It  can  be  seen  that  the  methods  agree  on  the  location  of 
the  secondary  maximum  and  minimum,  but  the  liquid  crystal 
results  tend  to  be  significantly  lower  than  the  mass-transfer  ones. 
This  is  probably  because  Baughn  et  al  were  looldng  at  a  constant 
heat  flux  case  rather  than  the  constant  wall  temperature  one 
modelled  here,  and  may  also  be  due  to  inaccuracies  in  the  values 
of  the  diffusion  coefficient  and  vapour  pressure  of  Ethyl  Salicy¬ 
late  used  in  the  derivation  of  the  results. 


The  total  internal  reflection  method  for  the  hologra¬ 
phic  interferometry  of  swollen  polymers  allows  the  light  paths  to 
be  kept  separate  from  the  experimental  fluid.  This  eliminates 
woozing  and  wavering  to  such  a  degree  that  quantitative  mea¬ 
surements  can  be  obtained  solely  from  observation  of  live 
fringes. 

Keeping  the  optical  paths  and  fluid  separated  allows 
the  use  of  non-transparent  or  inhomogeneous  fluids.  It  should 
also  be  possible  to  use  other  optical  techniques,  such  as  LDA  or 
PIV,  to  make  simultaneous  measurements  of  the  bulk  fluid  flow 
in  front  of  the  plate  without  any  interference  between  the  two 
systems. 

Al  present  work  is  in  progress  to  extend  the  technique 
to  situations  involving  natural  or  mixed  convection,  by  identify¬ 
ing  suitable  solvent  and  polymer  combinations. 
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1  ABSTRACT 

A  dual-reference  beam,  plane-wave  illumination,  holo¬ 
graphic  interferometry  set-up  has  been  developed 
which  can  operate  in  a  rapid  double-pulse  mode  and 
which  provides  multiple  simultaneous  views  of  a  com¬ 
pressible  flow  field.  It  is  intended  for  the  quantitative 
study  of  the  density  distribution  in  a  3-D  (turbulent) 
flow  field  as  well  as  for  the  study  of  density  changes 
that  take  place  in  a  compressible  turbulent  flow  in 
very  short  time  intervals  (1  -  800  ftsec).  Preliminary 
results  were  obtained  for  compressible  free-jet  flows. 

2  INTRODUCTION 

Holographic  phase-stepping  interferometry  is  a  flow 
visualisation  method  which  is  non-intrusive  and  can 
give  quantitative  results  concerning  the  density  dis¬ 
tribution  in  a  compressible  flow  field. 

Since  no  probes  have  to  be  put  into  the  flow  and  no 
seeding  particles  are  needed  it  is  a  truly  non-intrusive 
technique  which  produces  whole-field  measurements 
at  one  instant  of  time. 

Using  this  technique  the  phase  delay  of  a  light  beam 
going  through  the  flow  field  is  metisured.  This  phase 
delay  is  caused  by  an  inhomogeneous  distribution  of 
the  refractive  index  (density)  and  is  proportional  to 
a  line  integral  of  the  density  along  the  light  path 
through  the  flow  field.  Therefore,  once  the  phase  de¬ 
lay  is  known,  the  average  density  in  the  flow  field  can 
be  determined  directly. 

A  two-reference  beam,  plane  wave,  holographic  in¬ 
terferometer  set-up  has  been  used  which  can  be  placed 
over  a  flow  field,  e.g.  generated  in  a  wind  tunnel  (La- 
nen  et  al.).  The  flows  are  recorded  on  a  holographic 
plate  with  a  pulsed  ruby  laser.  Also,  the  set-up  can  be 
used  to  capture  two  flow  situations  separately  at  very 
small  time  intervals  (1-800  psec)  using  the  laser  in 
double-pulse  mode.  By  phase-stepping  the  resulting 
interferograms,  rapid  density  fluctuations  in  the  flow 
can  be  determined  quantitatively,  which  will  provide 
some  insight  regarding  the  time-scales  involved  in  tur¬ 
bulent  motion. 

However,  as  these  measurements  represent  data  in¬ 
tegrated  along  the  width  of  the  flow  field  (i.e.  projec¬ 
tion  data)  the  local  density  (fluctuations)  in  a  3-D 
flow  field  cannot  be  determined  from  a  single  pro¬ 
jection.  Also,  the  observed  density  changes  in  the 


double  pulsed  recordings  are  the  result  of  the  sum 
of  all  changes  over  the  width  of  a  3-D  flow.  As  the 
transient  phenomena  captured  in  the  double-pulsed 
experiments  are  essentially  three-dimensional,  the  in¬ 
tegration  effect  has  to  be  overcome.  Therefore  the 
existing  system  has  been  modified  so  that  multiple 
projections  can  be  obtained  at  different  angles  simul¬ 
taneously,  making  tomographic  reconstruction  of  the 
flow  field  possible. 

The  accuracy  of  tomographic  reconstructions  de¬ 
pends  on  the  field  being  imaged,  on  the  imaging 
geometry,  and  on  the  computational  reconstruction 
method.  Therefore,  simulations  were  performed  for 
the  present  configuration  in  order  to  get  an  impre^ 
sion  of  the  results  that  may  be  expected.  The  cali¬ 
bration  is  based  on  a  model  image  of  a  turbulent  flow 
generated  using  a  fracttd  sum  of  pulses  method. 

Preliminary  experimental  results  using  this  system 
were  obtained  for  a  compressible  jet  flow  emitted  from 
a  3  mm  diameter  tube  at  subsonic  and  supersonic  con¬ 
ditions.  Although  this  narrow  flow  field  produces  only 
a  weak  signal,  tomographic  reconstructions  were  made 
and  give  insight  into  the  three-dimensional  flow  field. 

3  DIGITAL  HOLOGRAPHIC  INTERFER¬ 
OMETRY 

When  a  light  beam  traverses  a  field  with  an  inhomo¬ 
geneous  refractive  index  it  is  retarded  locally,  so  that 
the  phase  of  the  betun  leaving  the  flow  field  is  changed 
according  to  the  refractive  indices  it  has  met. 

For  weak  refraction,  the  phase  delay  is  proportional 
to  a  projection  of  the  refractive  index  field  (Vest  1979): 

=  y  / [n(i(s),  y{s),  s{s))  -  no]ds  (1) 

where  A  is  the  wavelength  of  the  probe  beam,  n  is 
the  refractive  index  distribution,  no  is  the  background 
refractive  index  field,  A0  is  the  phase  difference  be¬ 
tween  a  beam  passing  the  flow  field  and  one  which 
only  passes  the  background  field  and  s  is  the  light 
path  through  the  field. 

Once  the  refractive  index  is  found  the  density  is 
calculated  from  the  Gladstone-Dale  relation:  n  — 
1  =  Kp,  where  K  is  the  Gladstone-Dale  constant 
(about  0.225- 10~®  m^kg  for  air)  and  p  is  the  den¬ 
sity  (Merzkirch  1987). 
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To  determine  the  phase  delay  caused  by  a  flow  field, 
the  probe  beam  is  combined  with  a  second,  coherent 
light  beam.  The  interference  pattern  created  by  these 
two  beams  is  described  by: 

/(x,y)  =  h  2/)  +  ^mod  (x,y)cos  A(/)(x,j/)  (2) 

where  x.y  are  the  projection  plane  coordinates,  Iua> 
is  the  background  intensity,  Imod  is  the  modulation 
intensity  (contrast)  and  A<)i  is  the  phase  difference 
between  the  interfering  beams. 

Using  phase-stepping  the  phase  difference  can  be 
determined  on  an  interval  [0,27r  >  for  each  pixel  in  the 
projection  plane.  Phase-unwrapping  is  used  to  remove 
all  2x  ambiguities  so  that  the  continuous  phase  map 
is  obtained. 

Since  the  interferograms  are  produced  from  projec¬ 
tions  of  the  density  in  the  flow  field  this  density  can 
only  be  determined  directly  for  2-D  flows  (where  the 
refractive  index  is  constant  along  each  light  ray)  or  for 
a  truly  axi-symmetric  flow  (Abel  inversion). 

In  general,  however,  and  especially  for  the  turbu¬ 
lent  structures  the  set-up  is  designed  for,  the  density 
distribution  will  not  be  2-D  or  axi-symmetric.  Inter¬ 
pretation  of  the  results  is  further  troubled  by  the  fact 
that  several  structures  may  be  involved  which  may  be 
moving  with  different  velocities  (time-scales). 

Therefore,  to  make  the  study  of  3-D  flows  possible 
and  specifically  to  facilitate  the  interpretation  of  the 
double-pulsed  results  a  tomographic  system  has  been 
built. 

4  TOMOGRAPHY 

Tomographic  techniques  are  most  familiar  from  med¬ 
ical  uses,  however  they  are  applied  more  and  more 
to  other  fields  as  well  (e.g.  fluid  dynamics,  plasma 
physics  and  seismic  sciences). 

The  purpose  of  optical  tomography  is  to  obtain  3-D 
measurements  of  a  scalar  quantity  from  a  set  of  projec¬ 
tions  like  those  obtained  in  compressible  flow  interfer¬ 
ometry.  There,  the  phase  delay  that  is  extracted  from 
nterferograms  is  proportional  to  a  line  integral  of  the 
L,,nsity.  When  projections  are  obtained  from  several 
viewing  angles  the  integrals  may  be  inverted  to  obtain 
the  original  scalar  density  distribution. 

Using  tomographic  reconstruction  a  cross-sectional 
image  (ro/i<K  =  slice)  of  a  source  function,  f{x,y),  is 


Figure  2:  Test  field  for  simulations 


obtained  from  its  projections.  These  projections  are 
described  by  the  Radon  transform  R(t,6): 

R(t,e)=  (3) 

/  f(x,  y)S(x  -  scosB  +  ts\n6,y  -  SCOS0  +  t  sin  ^)ds 

which  in  the  case  of  interferometry  represents  the 
modified  phase  of  a  light  beam.  Here  t  is  the  trans¬ 
verse  coordinate,  0  is  the  viewing  angle  and  s  is  the 
coordinate  along  the  ray  path  (see  Fig.  1).  By  invert¬ 
ing  this  equation  the  refractive  index  distribution  and 
hence  the  density  can  be  found. 

For  continuously  sampled  data,  R  can  be  inverted 
directly  to  obtain  the  source  function.  However,  for 
data  sampled  discretely  in  a  limited  number  of  views, 
the  results  will  be  contaminated  by  reconstruction  ar¬ 
tifacts. 

In  general  there  are  two  methods  for  reconstructing 
a  3-D  image  from  its  projections:  analytical  inver¬ 
sion  (e.g.  Daens  1989)  and  iterative  algebraic  meth¬ 
ods  (e.g.  ART,  SIRT,  MART)  (Gilbert  1972,  Herman 
and  Lent  1976,  Medolf  1987).  The  most  common  ana¬ 
lytical  inversion  method  makes  use  of  the  mathemat¬ 
ical  relation  between  the  projections  and  the  Fourier 
transform  of  the  source  function  (Rosenfeld  and  Kak 
1982).  To  determine  the  reconstruction  the  convolu¬ 
tion  of  the  projections  and  a  suitable  high-pass  fil¬ 
ter  are  calculated.  The  reconstruction  is  then  deter¬ 
mined  by  projecting  the  convolutions  back  onto  the 
field.  The  advantage  of  the  Fourier  methods  over  the 
iterative  methods  is  that  they  are  much  faster  because 
of  the  use  of  Fast  Fourier  transforms.  However  these 
methods  require  a  large  number  of  uniformly  spaced 
projections  for  accurate  reconstructions,  which  is  of¬ 
ten  not  feasible  in  practical  applications. 

Iterative  methods  divide  the  field  into  a  large  num¬ 
ber  of  elements  which  are  eissumed  to  have  a  constant 
value.  Then  an  algebraic  set  of  equations  is  deter- 


32.3.2. 


Firare  3:  Rapid-switching  digital  holographic  interferometer  set-up.  A/,:  mirror,  Li',  lens,  BSC',  beamsplitter 
cube,  PBSCi'.  polarizing  beamsplitter  cube,  PC'.  Pockels  cell,  H'.  holographic  plate,  R,-:  retardation  plates, 
PZT:  piezo-electric  tran^ucer,  BD:  beam  dump,  S:  shutter 


mined  from  the  int^rals  over  these  elements  and  the 
projection  values.  The  reconstruction  is  determined 
by  solving  this  set  of  equations. 

The  iterative  methods  are  well-suited  for  using  a 
priori  knowledge  and  for  cases  where  the  angle  of 
sight  is  limited.  A  disadvantage  of  the  iterative  meth¬ 
ods  is  that,  although  they  need  fewer  projections  than 
the  Fourier  methods,  the  matrix  used  in  solving  the 
equations  becomes  very  large,  making  the  computa¬ 
tion  time  consuming.  As  computational  speed  has 
increased,  this  issue  has  diminished  in  importance. 

Unsteady  fluid  dynamics  problems  require  that  all 
tomographic  data  must  be  obtained  at  a  single  in¬ 
stant  in  time  so  that  ail  views  have  to  be  recorded 
simultaneously.  Also,  the  number  of  views  has  to  be 
minimized  .in  order  to  minimize  the  size  and  cost  of 
the  data  acquisition  system  and  to  minimize  the  time 
needed  to  reduce  the  experimental  data.  Furthermore, 
the  range  of  available  viewing  angles  is  often  restricted 
(e.g.  because  of  wind  tunnel  walls).  Therefore,  al¬ 
gebraic  techniques  seem  to  be  suited  best  for  fluid 
dynamics  studies  and  here  only  the  algebraic  (itera¬ 
tive)  ‘  Uniques  have  been  considered.  The  algebraic 
algorithm  used  here  (Constrained  Conjugate  Gradi¬ 
ent  Algebraic  Reconstruction)  is  an  iterative  method 
(Watt  and  Conery  1993).  An  image  estimate  is  ini¬ 
tialized  and  updated  based  on  mismatch  between  the 
projection  data  and  the  projections  of  the  estimate. 

The  optical  and  image  acquisition  system  for  to¬ 
mography  becomes  very  complex  and  an  additional 
computational  reconstruction  step  is  required.  Also, 
the  accuracy  of  the  reconstruction  not  only  depends 
on  the  quality  of  the  original  projections,  but  also  on 
the  computational  reconstruction  method,  the  com¬ 
plexity  of  the  fleld  to  be  studied  and  the  imaging  ge¬ 
ometry  (spread  of  the  viewing  angles).  Therefore  it  is 
necessary  to  calibrate  a  tomopaphic  system  numer¬ 
ically,  using  accurate  models  for  the  test  object,  the 
view  conflguration,  misalignment  and  noise. 

The  test  object  (representing  a  turbulent  flow  field) 
is  generated  by  a  modified  version  of  the  fractal  sum  of 


pulses  method  (Lovejoy  and  Mandelbrot,  1985).  The 
image  (on  a  grid  of  75  x  75  pixels)  has  a  fine-gained 
structure  that  is  similar  to  that  expected  in  a  turbu¬ 
lent  scalar  field  (see  Fig.  2). 

Previous  studies  using  this  test  field  (Watt  and  Con¬ 
ery  1993)  have  shown  that,  as  may  be  expected,  with 
an  increasing  number  of  views  the  minimum  level  of 
the  image  residual  error  (the  reconstruction  error)  de¬ 
creases  while  the  image  detail  of  the  reconstruction 
increases.  Although  the  reliability  of  the  reconstruc¬ 
tion  improves  with  of  the  number  of  views,  important 
features  of  the  field  were  found  to  be  already  revealed 
in  images  reconstructed  from  as  few  as  6  views. 

The  configuration  of  the  views  is  important  as  well. 
It  was  found  that  limited  angle  reconstructions  are 
distinctly  inferior  to  a  reconstruction  spanning  a  full 
180  degrees.  However,  when  views  are  limi^,  re¬ 
constructions  from  two  bands  at  90  degrees  to  each 
other  are  better  than  those  obtained  from  configura¬ 
tions  with  the  same  viewing  range,  but  limited  to  one 
band. 

Misalignment  is  another  important  issue  in  tomo¬ 
graphic  reconstructions.  Here,  two  types  of  misalign¬ 
ment  are  considered;  lateral  misalignment  and  angu¬ 
lar  misalignment. 

Lateral  misalignment  is  the  difference  between  the 
actual  and  the  assumed  radial  position  of  the  pro¬ 
jection  measurement  and  angular  misalignment  is  the 
difference  between  the  au:tu^  and  the  assumed  view 
angle. 

Since  the  detectors  in  a  CCD  chip  are  linked  rigidly, 
each  projection  in  a  view  will  have  the  same  lateral 
and  angulu  misalignment. 

Angidar  misalignment  of  1  degree  in  all  projections 
results  in  a  somewhat  blurred  image,  obscuring  a  num¬ 
ber  of  important  features  while  lateral  misalignment 
of  one  pixel  produces  severe  line  artifacts  across  the 
image. 

When  both  misalignments  are  present  the  image  is 
extremely  corrupted.  However,  lateral  misalignment 
seems  much  more  critical  for  the  quality  of  the  recon- 
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struction  than  angular  misalignment. 

For  the  simulations  noise  wais  modelled  as  Gaussian 
noise  because  random  noise  is  usually  the  dominant 
error  source.  The  standard  deviation  is  expressed 
as  some  fi  'ction  of  the  maximum  projection  value. 
When  that  fraction  exceeds  1%  the  quality  of  the  im¬ 
age  was  found  to  be  severely  degraded. 

The  largest  errors  in  reconstructing  the  test  image 
are  concentrated  in  the  off-centre  region,  where  the 
steepest  gradients  occur. 

Essential  flow  features  may  be  seen  in  as  few  as  6 
views,  but  finer-scale  resolution  requires  many  more 
views.  Capturing  dissipation-scale  behaviour  seems 
remote  however. 


5  SET-UP 

The  holographic  interferometer  set-up  is  shown  in  Fig. 
3.  A  ruby  pulsed  laser  (pulse  length  either  0.5  msec  or 
30  nsec)  is  used  to  create  a  plane  wave  which  passes 
through  the  flow  field  (object  beam)  and  two  reference 
beams.  A  flow  situation  is  captured  by  storing  the 
object  beam  on  a  holographic  plate  using  one  of  the 
reference  beams  while  the  other  one  is  blocked  by  a 
mechanical  shutter.  This  way,  two  flow  situations  can 
be  recorded  and  separately  reconstructed  (Lanen  et 
at.  1992). 

In  the  post-processing  stage,  the  object  beam  is 
blocked,  while  both  reference  beams  are  used.  The 
holographic  plate  is  illuminated  with  a  continuous 
wave  HeNe  laser  and  four  plane- wave,  phase-stepped 
interferograms  are  generated,  which  are  digitally 
stored  and  processed  (512  x  512  pixels).  Using  these 
four  interferograms  the  difference  in  phase,  Ai^,  be¬ 
tween  the  two  flow  situations  is  calculated.  In  the  re¬ 
construction  stage  the  CCD-camera  is  focused  at  the 
symmetry  plane  of  the  flow,  as  for  axi-symmetric  flows 
this  has  been  shown  to  minimise  refraction  errors. 

When  two  flow  situations  are  stored  on  one  holo¬ 
graphic  plate  and  made  to  interfere  at  a  later  time 
the  difference  in  phase  (density)  between  the  two  flow 
situations  is  found.  This  can  be  used  to  compare  two 
stationary  flow  fields  (to  remove  wind  tunnel  wall  ef¬ 
fects  and  to  only  measure  the  disturbance  caused  by 
a  model  placed  in  the  flow)  or  to  determine  the  differ¬ 
ence  between  two  unstationary  flow  fields. 

Studying  rapid  density  changes  in  a  turbulent  flow 
requires  a  very  small  time  interval  between  the  record¬ 
ing  of  two  flow  situations.  However,  to  get  quantita¬ 
tive  data  for  phase  differences  (from  differential  in¬ 
terferograms)  the  two  situations  need  to  be  recorded 
by  separate  reference  beams.  This  is  achieved  using 
the  double-pulse  facility  of  the  ruby  laser,  which  can 
give  two  30  nsec  pulses  with  an  interval  adjustable 
between  1  and  800  psec.  A  Pockels  cell  is  used  for 
rapid  switching  between  the  reference  paths  to  enable 
phase-stepping  of  the  resulting  interferogram  (Tim¬ 
merman  1993). 

The  time  scale  for  turbulent  structures  is  expected 
to  be  in  the  microsecond  range  as  well,  so  that  den¬ 
sity  differences  on  a  scale  from  1-800  ^sec  should  give 
useful  information  on  the  turbulent  effects. 

As  explained  earlier,  the  ph^lse  map  obtained  in 
one  direction  contains  information  about  the  flow 
field  density  projected  (’averaged’)  over  the  light  path 


Figure  4:  Simulated  reconstruction  of  source  image 
from  projections  at  -12,  0,  12,  78,  90  and  102  degrees. 
Rms  residual  error:  0.17 


through  the  flow.  For  turbulent  flows,  which  are 
essentially  3-D  in  nature,  therefore,  a  toinographic 
method  is  needed  to  obtain  the  local  density  distri¬ 
bution.  Therefore,  the  system  was  modified  so  that 
multiple  projections  can  be  recorded  simultaneously 
on  the  holographic  plate. 

In  the  present  set-up,  the  number  of  views  is  limited 
to  six.  To  achieve  this  the  object  beam  which  leaves 
the  collimating  lens  L\  is  split  into  two  beams  at  90 
degrees  to  each  other,  which  are  each  sent  through  a 
diffraction  grating.  Each  of  these  two  gratings  (which 
are  mounted  at  90'’  to  one  another)  produces  three 
high  intensity  beams  so  that  a  total  of  six  beams  peiss 
through  the  test  field  at  angles  of -12.  0,  12,  78,  90 
and  102  degrees.  The  field  of  view  is  about  15  x  30 
mm". 

After  going  through  the  flow  field  the  six,  plane- 
wave  beams  are  collected  with  an  elaborate  system  of 
mirrors  making  them  all  parallel  to  each  other  before 
passing  through  a  converging  lens  (£2)  which  directs 
the  beams  to  the  holographic  plate.  There  they  are 
stored  in  such  a  way  that  they  do  not  overlap,  while 
they  are  still  all  completely  covered  by  both  reference 
beams. 

This  way,  all  views  can  be  separately  imaged  by  the 
CCD  camera,  which,  because  all  views  are  made  par¬ 
allel  before  being  directed  onto  the  holographic  plate, 
does  not  need  to  be  rotated  to  image  each  view  cor¬ 
rectly.  Since  each  object  beam  hcis  a  different  path 
length  between  lenses  L\  and  £2.  however,  the  cam¬ 
era  does  have  to  be  focused  on  a  different  plane  for 
each  view  (so  that  it  is  focused  at  the  centre  plane  of 
the  flow  for  all  views). 

The  reference  paths  have  been  lengthened  some¬ 
what  so  that  their  optical  path  length  differs  no  more 
than  10  cm  from  all  object  paths  (which  are  equal  in 


32.3.4. 


Figure  5:  Sinogram  for  the  subsonic  case,  filtered  with  a  two-dimensional  low-pass  filter.  N'iewing  order  from 
left  to  right:  -12,  102,  0,  90,  78  and  12  degrees 


Figure  6:  Sinogram  for  the  supersonic  case 


length  to  within  20  cm  of  each  other)  to  ensure  good 
interference. 

The  phase  maps  that  are  calculated  for  each  view¬ 
ing  direction  using  phase-stepping  are  then  used  for 
tomographic  reconstruction  of  the  recorded  field. 

For  this  tomographic  reconstruction  all  views  have 
to  be  aligned  properly,  and  their  magnification  has 
to  be  determined  as  well,  so  that  the  correct  (pro¬ 
jected)  pixels  are  compared.  For  this,  some  markers 
are  needed  which  can  be  seen  in  each  view.  In  this 
case,  a  needle  wtis  placed  close  to  the  nozzle  exit,  so 
that  its  point  could  serve  as  a  reference  point.  Also, 
the  nozzle  itself  was  used  to  determine  the  magnifica¬ 
tion  and  tilt  for  each  projection. 

Simulations  using  the  fractal  sum  of  pulses  method 
indicate  that  for  the  geometry  used  here,  the  general 
flow  features  may  be  determined,  though  small  scale 
structures  will  not  be  resolved  (see  Fig.  4). 

6  RESULTS 

The  preliminary  system  with  six  views  has  been  tested 
on  the  jet  flow  leaving  a  cylindrical  tube  at  both  sub¬ 
sonic  and  supersonic  conditions.  The  tube  was  about 
20  cm  long  and  the  supply  pressure  was  measured  at 
about  2  m  from  the  tube,  making  exact  characteri¬ 
sation  of  the  flow  difficult.  However,  the  Reynolds 
number  can  be  estimated  as  greater  than  10®  for  both 
cases. 

The  phase  maps  of  the  six  projections  were  used  for 
each  case  to  generate  a  sinogram,  which  is  the  collec¬ 
tion  of  the  projections  from  the  six  viewing  directions 
at  a  given  axial  location  y.  The  individual  phtise  im¬ 
ages  were  unwrapped,  and  corrected  for  tilt  and  mag¬ 
nification  variation  to  obtain  the  projection  measure¬ 
ments  at  101  points  in  each  of  101  planes  centred  in 
the  nozzle.  Fig,  5  and  Fig,  6  show  the  sinograms 
of  all  101  of  these  planes.  After  the  sinogram  was 
constructed,  reconstruction  of  each  plane  was  made 
using  the  Constrained  Conjugate  Gradient  Algebraic 
Reconstruction  Technique,  Prior  to  reconstruction, 
the  sinogram  projections  were  filtered  on  a  row  by 
row  btisis. 


Fig.  7  and  8  show  the  reconstruction  for  the  sub¬ 
sonic  and  the  supersonic  case,  respectively.  Here  the 
results  are  shown  as  cross-sectional  slices  of  the  jet. 
The  left  top  image  is  the  slice  at  the  most  upstream 
position,  the  one  underneath  it  the  second  slice,  con¬ 
tinuing  column  per  column  until  the  bottom  left  one. 
Fig.  9  and  10  show  the  same  results,  however  now 
the  slices  are  taken  parallel  to  the  jet  axis,  instead  of 
orthogonal  to  it. 

The  cross-sectional  and  axi  slice  images  show 
rather  different  features  of  the  flow  fields.  In  the  sub¬ 
sonic  case,  the  cross-sectional  image  shows  that  the 
jet  is  undergoing  alternating  compression  and  decom¬ 
pression.  However,  the  tixial  slices  indicate  that  the 
jet  possess  a  helical  structure  and  that  the  regions  of 
low  density  are  not  aligned  along  the  jet  axis.  The  su¬ 
personic  jet  on  the  other  hand  shows  a  regular  aligned 
series  of  compression  and  decompression  region  that 
are  aligned  along  the  jet  axis. 

There  were  several  complications  with  these  experi¬ 
ments.  First  the  signal-noise-ratio  was  less  than  lO-l. 
which  in  itself  generates  significant  image  artifacts. 
Second,  the  orientation  of  the  interferometric  images 
caused  the  routine  to  interpolate  data  from  outside 
the  camera  field  of  view.  This  produced  nonsensical 
results  at  the  borders  of  some  images.  Finally,  as  our 
simulations  showed,  this  was  not  the  optimal  geome¬ 
try,  but  rather  a  preliminary  study. 

7  SUMMARY  CONCLUSIONS 

A  tomographic  holographic  interferometry  system  has 
been  developed  with  which  6  views  can  be  recorded 
simultaneously  on  a  holographic  plate.  The  applica¬ 
tion  of  optical  tomography  in  fluid  mechanics  makes 
it  possible  to  obtain  spatially  resolved  measurements 
of  density  non-intrusively. 

However,  it  is  difficult  to  determine  the  accuracy 
of  the  tomographic  reconstructions.  For  this  reason, 
simulations  have  been  performed  to  calibrate  the  ex¬ 
perimental  set-up. 

From  these  simulations  it  was  concluded  that 
though  the  distribution  of  the  views  is  not  optimal. 
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Figure  7:  Cross-sectional  reconstructions  from  filtered  projections  for  the  subsonic  case.  Black:  atmospheric 
density,  white:  0.39  kg/m^  above  atmospheric  density.  Volume:  5x5x5  mm^ 


Figure  8:  Cross-sectional  reconstructions  for  the  supersonic  case.  Black:  atmospheric  density,  white:  0.676 
kg/m^  above  atmospheric  density 
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Figure  9:  Axial  reconstructions  for  the  subsonic  case 


Figure  10;  Axial  reconstructions  for  the  supersonic  case 
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the  general  shape  of  the  test  field  could  be  recon¬ 
structed  reasonably  well.  The  finer  details,  how¬ 
ever,  cannot  be  adequately  resolved,  but  some  insight 
should  be  gmned  into  the  magnitude  and  the  domi¬ 
nating  spatial  scales  of  the  density  variations.  These 
simulations  also  allowed  the  analysis  of  alternative  de¬ 
signs,  and  facilitated  the  design  of  a  new  tomographic 
geometry. 

Results  have  been  obtained  for  a  compressible  jet 
flow  at  subsonic  and  supersonic  conditions. 

The  combination  of  this  tomographic  system  with 
the  rapid-switching  double  pulse  facility  of  the  DHI 
set-up  will  facilitate  locating  3-D  density  structures 
in  turbulent  flows  as  well  as  determining  the  3-D  in¬ 
stantaneous  flow  structure. 

Also,  insight  can  be  gained  regarding  time-scales 
involved  in  compressible  turbulent  motion. 
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•ABSTRACT 

A  holographic  interferometry  technique  has  been  used 
to  obtain  the  three  components  of  the  velocity  in  some 
planes  of  a  Rayleigh-B^nard  convection  flow  where  small 
tracers  are  suspended. 

With  our  recording  system  the  analysis  of  one 
interferogram  gives  information  about  the  component 
perpendicular,  but  to  determine  the  velocity,  the  analysis 
of  several  interferograms  wuh  different  sensitivity 
vectors  from  the  same  hologram  are  required. 

Some  results  have  been  compared  with  those  obtained 
from  velocimetry  and  show  a  good  agreement. 

The  interferometry  can  be  used  itself  to  determine  the 
three  components  and  in  some  cases  as  a  complemtent 
lecnique  of  the  velocimetry  for  a  complete  study  of  the 
flow. 


1.  INTRODUCTION 

Tlie  continuous  development  of  laser-based  diagnostic 
techniques  offers  considerable  potential  for  advanced 
research  on  fluid  dynamics  because  of  their  non-intrusive 
nature.  In  order  to  study  fluid  motion  it  is  essential  to 
obtain  information  from  an  citiended  region  of  the  flow'. 
Holographic  interferometry  is  a  laser-based  thecnique 
which  provides  this  information  about  the  velocity  field 

the  Bow'.  Up  to  nowonly  one  component  measurements 
...>ve  been  reported,  Ueda.  Kagawa.  Yamada.  Yamaguchi  & 
Harada  (1982). 

The  purpose  of  this  work  is  to  show  the  feasibility  of 
the  holographic  interferometry  to  simultaneously  measure 
the  three  components  of  the  velocity  field  in  a  whole 
plane. 

The  analysis  of  several  interferogramas  with  different 
sensitivity  vectors,  obtained  from  the  same  hologram  by 
varying  the  viewing  direction,  allows  us  to  obtain  the 
three  components  of  the  velocity. 


2.  OPTICAL  ARRANGEMENT 

In  the  optical  configuration  used  in  these  experiments 
(Fig.  1)  tlie  beam  from  an  Argon  ion  laser  is  shaped  into  a 
sheet  of  light  which  illuminates  the  flow  under  study.  The 
light  .scattered  by  the  small  tracers  su.spendcd  in  the  fluid 


is  recorded  on  the  holographic  plate  with  a  mean  angle  of 
20°  with  the  illumination  direction.  A  double  exposure  of 
the  illuminated  plane  is  taken  using  a  collimated  reference 
beam. 


Holocrapi'.ic  pbie 


Figure  1.  Holographic  recording  system 


3.  RECONSTRUCTION  OF  THE  IMAGE 

The  holographic  plate  is  illuminated  with  an 
unexpanded  collimated  laser  beam  to  produce  the  real 
image,  which  is  taken  w  ith  a  CCD  camera  and  stored  in  a 
IBM  PC-compatible  computer  for  measuring  the 
corresponding  fringe  patterns. 

Se\  eral  interferograms  with  different  sensitivity 
vecto/s  are  obtained  from  the  same  hologram  by  changing 
the  coordenate  of  the  illumination  point.  That  produces 
changes  in  the  mean  observation  direction  of  the  image, 
wich  affects  the  light  distribution  on  the  image  taken  by 
the  camera.  To  record  all  viewing  directions  with  enough 
intensity  a  holographic  lens  which  acts  as  a  directional 
field  lens  is  placed  in  the  image  plane.  Andies  N.  Arroyo 
M.P..  Quintanilla.  M..  1992. 

4.  VELCXriTY  MEASUREMENTS 

The  determination  of  the  velocity  is  made  by- 
comparing  the  order  of  the  interference  fringe  at  the  same 
position  in  the  plane  of  the  fluid  in  several 
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5.  RESULTS  IN  A  BIDIMENSIONaL  FLOW 


interferograms. 

In  some  cases,  ihe  geomeD7  described  above  allows  us 
to  determine  from  the  analysis  of  only  one  interferogram 
the  component  perpendicular  to  the  illuminated  plane.  Vy. 
if  It  IS  not  negligible  Ueda.  Kagawa,  Yamada.  Yamaguchi 
&  Harada  (1982). 

The  automatic  analysis  of  the  interferograms  looks  for 
the  maxima  and  minima  of  the  intensity  to  get  the 
skeleton.  Due  to  the  noise  it  is  recommended  to  filter  the 
image  previously  to  reduce  the  effect  of  speckle.  To  assign 
an  interference  fringe  order  to  intermediate  points  between 
maxima  and  minima  positions  the  dependence  of  the 
intensity  with  tlie  phase  cosine  has  been  used. 


Figure  2:  Optical  arrangement  for  measuring  flow  velocity 
by  holographic  interferometry. 

In  the  figure,  k]  is  the  illumination  vector,  in  the 
propagation  direction  ol  the  sheetlike  incident  light,  to 
the  observation  vector  and  »•  the  velocity  in  the  flow.  In 
the  reconstructed  image  obsen'ed  in  the  direcction  denoted 
by  to  the  bright  interference  fringes  appear  at  the 
position  where 


••  K  T=m  X  (1 ) 

where  X  is  the  wavelenght  in  the  fluid,  m  die  interference 
order  and  T  the  time  interval  between  expositions  and  the 
the  sensitivity  vector.  K.  is  defined  as 

K  =ko-  ki  (2) 

The  direction  of  the  propagation  vectors  are  different 
in  both  media  due  to  the  refraction  index  change,  and  the 
same  happens  to  the  wavelenght.  It  is  noticeable  that  all 
the  parameters  are  considered  in  the  fluid. 

With  the  geometry  described  above,  the  accuracy 
decrease  with  the  hologram -object  distance.  The  accuracy 
is  higher  for  and  for  the  component  perpendicular  to 
the  plane,  and  quite  small  for  the  component  parallel  to 
the  illumination  vector.  D.  .Nobis.  C.M.  Vest  (1978). 


The  technique  described  here  has  been  applied  lo  a 
Rayleigh-Benard  convective  flow  m  a  cell  with 
dimensions  Lx=25mm,  Ly=25mm  and  L2=  12.3mm.  The 

cell  is  filled  with  silicone  oil  where  1.1pm  latex  particles 
have  been  suspended. 

The  present  experiments  have  been  done  for  Rayleigh 
numbers  about  Ra=6.5  Ra^  (Rac=l707)  giving  velocities 
up  to  0.28  mm/s.  Double  exposure  holograms  have  been 
recorded  from  several  YZ  and  XZ  planes.  At  the  same  time 
photographs  of  those  planes  were  taken  to  analyse  the 
flow  by  particle  image  velocimeuy. 

The  convective  flow  at  Ra=  6.5  Ra^  is  anticipated  to  be 
a  2-D  roll  structure  perpendicular  to  one  side  of  the  cell, 
with  Vy  being  much  smaller  than  \\  and  V^.  .Arrovo. 
Yonte.  Quintanilla.  Saviron  (1988) 

The  P.l.V.  analysis  of  the  XZ  planes  allows  us  to 
determine  V^  and  V^.  the  two  components  in  the  plane. 
By  holographic  interferometry  only  V^  is  determined  with 
accuracy  because  the  contribution  to  the  fringe  pattern  due 
to  the  others  components  are  negligible.  Vy  because  is 
very  small  and  V^  because  is  parallel  to  the  illumination 
direction.  In  some  cases,  from  the  analysis  of  only  one 
interferogram.  chosen  with  the  smallest  Z  contribution  to 
the  fringes,  the  Y  component  can  be  determined. 

The  reconstructed  image  has  a  different  fringe  pattern 
depending  on  the  position  of  the  reconstruction  beam. 
When  the  Z  coordinate  change  the  fringe  pattern  have  a 
different  forme,  (fig.  3.a,b).  The  X  coordinate  change  give 
a  slightly  change  in  the  fringe  number,  loo  small  to 
determined  with  accuracy,  (fig.  3.c.d). 

In  the  plane  y=3  mm,  V^  and  Vy  have  been  measured 
with  a  19c  relative  accuracy  (fig.4).  The  maxima  velocities 
are  Vy=80  pm/s  and  V2=240  pm/s.  being  Vy  around  three 
or  four  limes  smaller  than  V^  In  the  central  planes  the 
maximum  velocity  is  V2=280pm/s.  twenty  times  bigger 
than  Vy,  then  only  V^  is  determined. 

In  telh  cases,  the  results  show  a  good  agreement  with 
those  obtained  from  panicle  image  velocimeuy. 

The  analysis  of  YZ  planes  by  particle  image 
velocimeiry  give  information  about  the  Vy  and  Vz 
components  in  this  case.  The  importance  of  the 
component  perpendicular  lo  the  plane  in  that  cases 
decrease  the  number  of  points  measured  and  the  accuracy  of 
the  technique. 

In  the  interferograms  from  these  pl.ines  the 
components  of  the  velocity  have  a  different  contribution 
depending  on  the  plane.  In  general  V^  and  V^  can  be 
determined  with  a  good  accuracy.  The  results  for  and  V^ 
in  the  plane  x=3  mm  from  three  interferograms  are  shown 
in  fig.  5.  The  maxima  velocities  are  Vx=70  pm/s  and 
Vz=140  pm/s  The  accuracy  is  around  891. 

In  the  central  plane  hologram  only  V^  has  an 
important  contribution  to  the  fringe  pattern.  Thus  only 
two  interferograms  are  required  to  determine  this 
component.  The  maximum  velocity  determined  is 
Vz=240pm/s.  From  the  interferogram  with  the  smallest  Z 
contribution  V^  can  be  estimated,  (fig,  6).  It  is  noticeable 
that  is  twenty  times  smaller  than  V^. 

In  the  plane  x=6  mm  only  V^  contribute  to  the  fringe 
pattern.  In  all  these  planes,  the  Vy.  quite  sm.all  and 
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parallel  lo  the  illumination  direction,  has  a  negligible 
contribution. 


6.  RESULTS  IN  A  TRIDIMENSIONAL  FLOW 

The  present  experiments  have  been  done  for  Rayleigh 
numbers  about  Ra=30  Ra^  giving  velocities  up  to  1.1 
mm/s.  Particle  image  photographs  and  double  exposure 
holograms  have  been  recorded  for  several  YZ  and  XZ 
planes. 

The  analysis  of  the  XZ  planes  by  particle  image 
velocimetry  allows  us  to  determine  V,  and  V^.  The 
holographic  interferometry  analysis  determines  with  a 
good  accuracy  and  Vy.  The  X  contribution  to  tlie  fringe 
pattern  is  negligible  because  is  parallel  to  the 
illumination  direction  and  the  contribution  is  small  with 
our  geometry. 

In  figure  7  some  interferograms  of  the  plane  y=3  mm 
are  shown.  The  fringe  patterns  change  its  forme  when  Z 
position  of  the  reconstrucion  beam  change,  and  only  the 
number  of  them  wnh  the  X  posision  change.  From  the 


Figure  5.  Isovelocity  disuibution  in  the  plane  x=3  mm.  a)  b) 


analysis  of  these  interferograms  and  Vy  arc  obtained 
with  a  good  accuracy,  (fig.  8).  The  maxima  vclociiics 
determined  are  V^=450  pm/s  and  V^  =  140  pm/s  and  ihe 
accuracy  is  around  tlic  7‘7c. 

7.  CONCLUSIONS 

The  holographic  interferometry  technique  with  the 
geometry  described  in  this  work  allows  to  determine  Vz 
and  the  component  perpendicular  to  the  illuminated  plane, 
in  some  cases  Vx  and  in  other  Vy.  The  component  parallel 
to  the  illumination  direction  has  a  very  small  contribution 
to  the  fringe  pattern. 

Both  components  can  be  determined  using  phase 
differences  w-ith  a  good  accuracy.  In  some  cases,  if  the 
component  perpendicular  is  small  from  the  analysis  of 
only  one  interferogram  is  possible  lo  estimate  it. 

This  technique  is  useful  for  a  complete  study  of  the  flow- 
with  panicle  image  velocimetry  simultaneously 
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ABSTRACT 

This  paper  describes  measurements  of  flow 
velocity  and  temperature  using  photothennal 
effect.  We  developed  a  differetial  interferome¬ 
ter  for  detecting  small  phase  variation  caused 
by  phobothermal  effect.  The  operating  point  is 
set  on  the  maximum  inclination  of  fringe  inten¬ 
sity  curve  by  the  use  of  a  piezomechanical 
translator.  This  system  uses  two  focal  points 
for  time-of-f light  method.  Using  jet  of  nitrogen 
gas  mixed  with  ethylene  gas,  it  is  confirmed 
that  this  method  is  a  useful  tool  to  measure 
flow  velocity  and  temperature. 


1.  INTRODUCTION 

The  laser  Doppler  velocimeter  (LDV),  which 
has  some  advantages  such  as  non-perturbing  qual¬ 
ity,  capability  of  remote  operation  and  high 
spatial  resolution,  has  been  well  developed  to 
measure  flow  velocity.  However,  the  LDV  [Durst, 
Melling  and  Whitelaw  ( 1 981 ) ]  needs  to  seed  scat¬ 
tering  particles  in  flow.  Recently,  to  be  freed 
from  this  problem,  velocimeters  using  photother- 
mal  effect  have  been  investigated  [Nie,  Hane  and 
Gupta  (1986)]  .  In  this  study  we  investigated  on 
measurements  of  flow  velocity  and  temperature 
using  photothennal  effect.  The  nonintrusive 
methods  of  temperature  measurement  in  a  flame 
that  have  been  proposed  and  demonstrated  (CARS 
[Attal,  Mueller-Dethlefs,  Debarrc  and  Taran 
(1982)]  or  LIF  [Daily  (1977)])  rely  on  a  meas¬ 
urement  of  Boltzman  dsitribution  among  rotation¬ 
al  sublevels  of  the  molecules.  Therefore,  one 
must  assume  that  the  thermal  equilibrium  exists, 
which  is  not  always  found  to  be  the  case.  These 
techniques  have  further  following  problems;  Sig¬ 
nal  intensity  obtained  by  CARS  is  very  weak  be¬ 


cause  of  using  non-linear  effect.  LIF  is  suf¬ 
fered  from  quenching  effect.  Photoacoustic  de¬ 
flection  spectroscopy  free  from  these  problems 
was  proposed  by  Rose,  Salamo  and  Gupta  (198**)  to 
measure  gas  temperature.  Propagation  velocity  of 
a  photoacoustic  pulse  (sound)  produced  by  the 
heating  and  the  thermal  expansion  of  the  pump 
laser-irradiated  region  is  detected  by  deflec¬ 
tion  of  probe  beams.  The  fast  change  in  refrac¬ 
tive  index  of  gas  caused  by  the  sound  is  about 
a  tenth  of  that  caused  by  a  photothennal  effect. 
We  needed  to  increase  detection  sensitivity  for 
obtaining  reliable  data.  The  fiber  heterodyne 
interferometer  which  we  developed  in  the  previ¬ 
ous  studies  [Nakatani  et  al.  (1989),  (1991)]  can 
not  be  used  for  this  purpose  because  of  low 
response.  In  this  study,  in  order  to  increase 
the  sensitivity  and  to  detect  the  fast  change  in 
refractive  index  of  gas,  we  developed  a  differ¬ 
ential  interferometer.  A  laser  beam  passed 
through  a  Wollaston  prism  is  divided  to  two 
beams,  and  the  beams  are  foucused  for  time-of- 
f light  method.  The  operating  point  is  set  on  the 
maximum  inclination  of  fringe  intensity  curve  by 
the  use  of  a  piezomechanical  translator.  A  TEA 
CX)i  laser  of  short  pulse  width  is  used  as  a  pump 
beam  to  produce  photoacoustic  sound.  The  dif¬ 
ference  in  phase  between  the  two  focal  points  is 
measured  to  measure  photoacoustic  sound-velocity 
for  gas  teinjeraure  measurement  and  velocity  of 
puff  of  photothennal  phase  variation  for  flow 
velocity.  Using  jet  of  nitrogen  gas  mixed  with 
ethylene  gas,  it  is  confirmed  that  this  method 
is  a  useful  technique  to  measure  flow  tempera¬ 
ture  and  velocity. 


2.  A  DIFFERENTIAL  INTERFEROMETER 

A  laser  beam  is  passed  through  a  Wollaston 
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Figure  1  Schematic  diagram  of  the  system  for  measurement  of 
flow  velocity  and  temperature  using  photothermal  effect, 
(a);  The  system  using  a  differential  interferometer  as  a 
probe,  (b):geometrical  relation  between  focused  pump  beam 
and  probe  beams. 


prism  for  dividing  two  beams  and  obtaining  two 
focal  points  of  time-of-f light  method.  The  oper¬ 
ating  point  is  set  on  the  maximum  inclination  of 
fringe  intensity  curve  by  the  use  of  a  piezo¬ 
mechanical  translator  for  increasing  sensitivity 
of  a  interferometer.  The  experimental  set  up  is 
shown  in  Figure  1 .  A  He-Ne  laser  of  wavelength 
632  nm,  power  5  mW  and  beam  diameter  1  mm  was 
used  as  the  light  source.  The  laser  beam  is  ex¬ 
panded  to  10  mm  diameter  by  lenses  Li  and  Lz  for 
making  focal  points  small.  The  expanded  two 
beams  are  passed  through  a  Wollaston  prism  of 
2.5  mrad  or  5  mrad  in  dividing  angle  for  divid¬ 
ing  two  beams.  The  laser  beams  are  focused  on 
two  points  with  a  spherical  lens  L3  (focal 
length  F]  =  200  mm).  The  distance  between  the 
two  focal  points  is  0.5  mm  and  1  mm  for  the  di¬ 
viding  angle  2.5  mrad  and  5  mrad,  respectively. 
The  phases  of  their  beams  are  varied  by  passage 
of  puff  of  phase  variation  by  photothermal 
effect.  The  beams  are  collimated  with  a  spheri¬ 
cal  lens  LH  (focal  length  200  mm),  and  are 
superimposed  at  the  beams  cross  region.  TTie  two 
beaois  of  orthogonal  electric  vectors  are  inter- 
ferenced  through  an  analyzer.  The  periods  of  the 
interference  fringes  for  dividing  angle  2.5  mrad 


and  5.0  mrad  of  the  Wollaston  prisms  are  253 //m 
and  127  /tm,  respectively.  The  interference 
light  is  received  with  a  photomultilier  through 
a  rectangular  slit  of  1  mm  x  15  i<m  for  increas¬ 
ing  visibility.  The  difference  between  the 
phases  of  the  beam  for  upstream  focal  point  and 
the  beam  for  downstream  focal  point  changes  the 
intensity  of  interference  fringe.  As  the  two 
beams  are  close  to  each  other,  the  phase  varia¬ 
tion  of  the  two  focal  points  is  detected  main¬ 
ly,  and  the  interferometer  is  very  stable.  The 
operating  point  of  the  interferometer  is  set  on 
the  maximum  inclination  of  fringe  intensity 
curve  by  the  use  of  a  piezomechanical  transla¬ 
tor.  The  ouput  signal  of  the  photomultiplier  is 
divided,  one  signal  inputs  into  a  digital  stor— 
agpH  oscilloscope,  the  other  signal  inputs  into 
a  differential  amplifier.  The  differential  am¬ 
plifier  and  PmC  controler  are  used  as  the  elec¬ 
tric  circuits  for  controling  the  slit  of  the 
photomultiplier  and  setting  the  slit  on  maximum 
inclination  of  the  fringe  intensity  curve. 


3.  MEASUREMENT  OF  FLOW  TEMPERATURE 

The  medium  absorbs  the  optical  energy  from 
the  (XDi  pulse  laser  and  if  the  pressure  is  suf- 


ficiently  high  (i.e. ,  if  the  quenching  rates  are 
sufficiently  fast),  most  of  this  energy  quickly 
appears  in  the  rotational-translational  modes  of 
the  medium.  In  a  medium  at  atmospheric  pressure, 
this  condition  is  easily  satisfied,  and  only  a 
negligible  fraction  of  the  energy  appears  as 
fluorescence.  The  CO?  pulse  laser  irradiated 
region  thus  gets  slightly  heated,  leading  to  a 
localized  heating  of  the  gas,  and  giving  rise  to 
a  pressure  increase.  This  acoustic  pulse  travels 
outward,  causing  a  change  in  the  refractive 
index  of  the  medium.  The  velocity  of  an  acoustic 
wave  which  is  propagating  through  a  flame  is 
dep)ending  on  the  temperature  of  the  flame.  The 
relation  between  the  temperature  and  the  acous- 
ticwave-propagation  velocity  is  given  as 

T  =  (M/7  (T)R)  .  V.^  (1) 

where  M  is  average  molecular  weight  of  the  gases 
in  the  flame,  R  is  the  universal  gas  constant, 

V,  is  the  sound  velocity,  and  7  (T)  is  the  tem¬ 
perature-dependent  average  specific  heat  ratio 
at  constant  volume  in  the  flame. 

The  solution  of  Eq.  (1)  for  temperature  T 
requires  that  M  and  7  (T)  are  known.  In  a  pre¬ 
mixed  ethylene-air  flame  in  the  experimental 
conditions  of  the  future  study,  the  main  gases 
component  is  N?  with  the  major  components  being 
COi  and  HjO.  An  adiabatic  flame  code  can  be  used 
to  yield  the  gaseous  composition  of  the  flame  as 
a  function  of  temperature  from  which  M  and 
7  (T)  can  be  calculated  and  used  to  extract  a 
temperature  from  a  sound-velocity  measurement. 

In  the  most  accurate  case,  this  is  the  approach 
of  choice.  However,  to  a  first  approximation  the 
composition  can  be  assumed  to  be  constant  with 
temperature;  and  by  simply  rationing  the  veloc¬ 
ity  measured  by  ambient  conditions  to  that  in 
the  flame,  a  temperature  can  be  determined  by 

T,/T.  =  (V.,/V..)^.  (2) 

If  the  gas  velocity  is  small  compared  to  the 
velocity  of  sound,  Eq.  (2)  can  be  simply  written 
as 

T,/T.  =  (At./At,)^  (3) 

where  At.  and  At,  are  the  measured  times 
required  for  the  acoustic  pulse  to  travel  be¬ 
tween  the  two  probe  beams  with  and  without  the 
flame.  Eq.  (3)  is  found  to  give  only  a  small 
underestimate  of  the  correct  T  value  (in  flame 


conditions)  compared  with  Elq.(l)  which  uses  the 
appropriate  H  and  7  (T)  values  as  well  as  takes 
into  account  the  gas  velocities  of  flame.  In 
general,  this  will  not  be  the  case  in  a  turbu¬ 
lent  diffusion  flame  where  M  can  vary  greatly, 
arid  thus,  Eq.  (O  must  be  empJoyed.  The  basic 
experiment  is  to  measure  the  velocity  of  an 
acoustic  pulse  as  it  travels  through  the  gas 
flow  as  shown  in  Figure  1  (b).  Nitrogen  gas 
mixed  with  ethylene  gas  of  volume  retio  0.10  was 
used  as  a  fluid.  The  nozzle  of  4.8  mm  in  diam¬ 
eter  is  used.  The  TEA  CO?  pulse  laser  is  focused 
into  flow  by  a  lens  of  ZnSe  and  focal  distance 
50  mm  to  produce  acoustic  pulse.  The  diameter  of 
the  focused  beam  is  0.05  mm.  The  focal  point  of 
the  TEA  C0^  pulse  laser  is  ?.  -rir  the 

exit  of  the  nozzle.  The  pulse  laser  was  made  by 
ourselves,  is  20  mJ  in  the  maximum  energy  and 
is  about  50  ns  in  the  pulse  half-width.  The  ar¬ 
rival  of  the  acoustic  pulse  travel  at  a  beam  was 

measured  with  the  differential  interferometer. 
Two  focusirrg  probe  beams  separated  by  d  =  0.5  mm 
or  1  mm  were  used  to  observe  the  sound  velocity. 
The  probe  beam  1  was  arr^ged  3>15  mm  downstream 
the  foacal  point  of  the  pump  beam  for  detecting 
acoustic  pulse  without  influence  of  photothermal 
puff  produced  by  the  pump  beam.  The  operating 
point  of  the  interferometer  is  set  using  signal 
whose  high  frequency  fluctuation  above  100  Hz  is 
blocked  by  electronic  filtering.  Thus,  the  set¬ 
ting  is  free  from  interference  of  the  acosutic 
pulse.  The  typical  oscilloscope  traces  of  acous¬ 
tic  signals  in  d  =  1 .00  mm  and  0.50  mm  are  shown 
in  Figures  2  and  3.  The  flow  rate  is  1.5  1/min. 

The  analytical  models  for  obtaining  veloci¬ 
ties  from  those  traces  are  shown  in  Figures  4 
zuid  5.  Figure  (a)  shows  the  relation  between  the 
movimg  puff  of  phase  variation  caused  by  photo- 
thermal  effect  and  the  probe  beams.  Figure  (b) 
shows  the  traces  of  detection  signal.  The  Gauss¬ 
ian  distribution  of  the  phase  variation  is  sim¬ 
plified  by  triangular  shape.  In  the  analytical 
model  of  Figure  3  the  width  of  the  puff  is 
larger  than  the  distance  between  two  probe  beams 
and  the  half  width  of  the  puff  is  smaller  than 
the  distance.  In  the  analytical  model  of  Figure 
4  the  width  of  the  puff  is  smaller  than  the  dis¬ 
tance  between  the  two  probe  beams.  In  step  a  the 
edge  of  the  puff  of  the  phase  variation  reaches 
the  edge  of  the  probe  beam  1 ,  and  the  detection 
signal  begins  to  decrease.  In  step  b  the  phase- 
variation  peak  of  the  puff  reaches  to  the  inten¬ 
sity  peak  of  the  probe  beam  1 ,  and  the  detection 
signal  shows  minus  peak.  In  step  c  the  edge  of 
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Figure  2  Typical  oscilloscope  trace  of 
photoacoustic  signal  for  temperature 
measurement.  The  distance  between  the 
probe  beams  is  1  mm. 


Figure  3  Typical  oscilloscope  trace  of 
photoacoustic  signal.  The  distance  be¬ 
tween  the  probe  beams  is  0.5  mm. 


Figure  Analytical  model  of  observed  photo¬ 
acoustic  and  photothermal  signals.  The  width 
of  puff  of  phase  variation  is  smaller  than 
the  distance  between  the  two  probe  beams, 
(a):  Relation  between  puff  of  the  phase  va¬ 
riation  and  probe  beams,  (b) :  observed  sig¬ 
nal. 


(b) 

Figure  5  Analytical  model  of  observed  photo¬ 
acoustic  and  photothermal  signals.  The  width 
of  puff  of  phase  variation  is  larger  than 
the  distance  between  the  two  probe  beams  and 
the  half  width  of  the  puff  is  smaller  than 
the  distance,  (a):  Relation  between  puff  of 
phase  variation  and  probe  beams,  (b):  ob¬ 
served  signal. 
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the  puff  reaches  to  the  edge  of  the  probe  beam 
2,  and  the  detection  signal  increase  rapidly.  In 
step  d  the  phase-variation  peak  of  the  puff 
reaches  to  the  intensity  peak  of  the  probe  beam 
2,  and  the  detection  signal  shows  plus  peak. 
Considering  from  these  nxxiel,  it  is  concluded 
that  time  interval  between  a  and  c  of  trace  of 
detection  signal  or  time  interval  between  b  and 
d  is  for  transit  time  of  the  puff  between  the 
two  probe  beams. 

As  the  peaks  of  Figures  2  and  3  have  gentle 
slope,  we  used  the  time  interval  between  a  and 
c.  The  transit  times  obtained  from  those  figures 
are  1.*43  and  2.85  fjs.  Using  these  transit 
times  and  the  distances  between  the  probe  beams 
0.50  and  1.00  mm,  velocity  350.5  m/s  is  calcu¬ 
lated.  Considering  flow  velocity  2.7  m/s  ob¬ 
tained  by  flow  rate,  the  acoustic  sound  veloc¬ 
ity  is  3^7.8  m/s.  T  =  29**  K  is  obtained  by  Eq. 
(2)  using  this  sound  velocity,  M  =  28.02,  and  y 
=  1.U02.  This  value  is  almost  equal  to  room  tem¬ 


perature  293  K.  From  these  experimental  results, 
we  could  confirm  the  reliability  of  this  method. 


14.  MEASUREMENT  of  FOW  VELOCITY 

The  COz -laser  irradiated  region  thus  gets 
slightly  heated,  leading  to  changes  in  the  re¬ 
fractive  idex  in  the  region.  The  movement  of 
puff  of  this  phase  variation  is  detected  by  the 
interferometer.  The  time-of-flight  method  is 
used  to  measure  flow  velocity. 

Using  laminar  jet  of  nitrogen  gas  mixed 
with  ethylene  gas  of  volume  ratio  0.10,  it  is 
confirmed  that  this  velocimeter  is  a  useful  tool 
to  measure  flow  velocity.  The  nozzle  of  ii.8  mm 
in  diameter  is  used.  The  flow  velocity  is  calcu¬ 
lated  by  measured  flow  rate.  The  experimental 
conditions  are  same  as  those  predescribed  in 
temperature  measurement  of  section  3.  Typical 
oscilloscope  traces  of  the  measured  phase  varia- 
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Figure  6  TVpical  oscilloscope 
traces  of  photothermal  signals 
for  measurement  of  flow  veloci¬ 
ties.  The  probe  beam  1  was 
arranged  3. 15  mm  downstream  the 
focal  point  of  the  pump  beam. 
The  distance  between  the  probe 
beams  is  1  mm. 
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ABSTRACT 

The  application  ol  a  iv«o-i.oiiipoiieiu  PDA  lo 

characterise  (he  spsiial  and  temporal  development  of  a  Diesel 
fuel  spray  injected  into  the  quiescent  comb^on  chamber  of 
a  single-cylinder  research  Diesel  engine  is  repotted.  Details  of 
the  two-  component  PDA  transmitter  systtm  are  given  to 
emphasise  the  accurate  alignment  necesavy  to  guarantee 
confocal  measurement  volumes  and  thenfore  coincident 
signals  from  single  droplets. 

Data  are  preaented  for  the  mean  axial  and  radial 
velocity  components,  diopsize  and  sample  number  as  profiles 
in  both  space  and  time  to  allow  precise  comparisons  and 
evaluation  of  the  spray  characteristics.  An  animation  of  the 
spray  data  has  been  made  to  visualise  the  dynamic  planar 
flow  field  structure  in  terms  of  (he  time  varying  duplet 
trqectories.  velocities  and  sizes. 


1.  INTRODUCTION 

In  an  eariier  work  published  by  Pitcher  and  Wigley 
(1992)  a  1-componem  PDA  system  was  applied  to  study  the 
break-up  and  atomization  of  a  Diesel  fuel  spray  injected  iiuo 
the  quiesceru  combustion  chamber  of  a  single  cylinder 
research  Diesel  engine.  This  complementary  work  describes 
here  the  use  of  a  2-componetu  PDA  system  to  characterise  the 
radial  growth  of  (he  fiiel  spray  as  it  penetrates  downstream 
and  the  entrainment  processes  that  it  generates.  This 
represents  the  most  comprehensive  Diesel  spray  study  to  date 
but  also  involved  a  significant  increase  in  the  complexity  of 
the  measuremem  task. 

The  PDA  technique  is  a  single  particle  counting 
technique  so  the  measuremem  of  (he  2-  oithogonal  velocity 
components  must  come  fixnn  the  same  droplet.  This  is  unlike 
(he  practice  in  LDA  where  small  coincidence  times  between 
the  signals  can  be  acceptable.  The  necessiy  for  2  confocal 
orthogonal  measuremem  volumes  forces  a  h^  alignmem 
precision  and  accuracy  on  the  coaxial  orthogonal  beam  paus 
used  to  form  the  two  measuremem  volumes.  Furthermore,  the 
PDA  signal  processor  demands  comcidem  signals  from  each 
velocity  charmel  since  the  bum  detector,  which  enables  the 
processing  electronics,  is  only  triggered  from  one  channel. 

The  fim  pan  of  this  paper  details  the  extensions  that 


were  carried  out  to  the  original  PDA  system  to  enable  it  to 
measure  2  orthogonal  components  of  the  droplet  velocity  and 
tlie  liiopsize  suiiuiLaiieousl\ . 

A  fine  spatial  grid  of  PDA  measuremems  in  a  spray  can 
generate  vast  amounts  of  data  and  here  with  the  highly 
transiem  nature  of  the  Diesel  spray  a  severe  problem  for  data 
evaluation  and  presentation  is  posed.  While  anal  and  radial 
profiles  of  the  time  varying  mean  quantities  can  be  presented 
in  a  precise  manner  it  is  very  difficult  to  build  up  a  mental 
picture  of  what  is  happening  in  the  spray ,  not  only  locally  but 
globally.  An  attempt  has  therefore  b^  made  at  a  planar 
visuali^on  of  the  spray  data  to  obtain  an  animation  of  the 
spatial  diairibution  of  the  mean  droplet  trqeaories,  velocities, 
dropsizes  and  their  population  distributions. 

The  second  part  of  this  paper  concentrates  on  an 
analysis  of  the  spray  data,  based  upon  the  liquid  jet  break-up 
model  Ruiz  and  Chigier  (1985).  and  uses  both  mean  data 
profile  comparisons  and  the  animation  as  tools  to  identify  the 
m^r  events  taking  place  in  the  transient,  combusting  Diesel 
fuel  spray. 


2.  INSTRUMENTATION 

The  basic  1-  component  PDA  transmission  system  was 
described  in  detail  by  Pitcher  and  Wigley  (1991).  In  2- 
componem  form  it  is  shown  in  the  schematic  of  Figure  1  It 
consiats  of  a  Dantec  55X29  Br^  cell  for  both  frequency 
shifting,  40  MHz.  and  beam  splitting.  50/50,  and  2  separate  1- 
componeiu  beam  expander  optical  systems  mounted  in 
pandlel  with  precision  steering  of  1  planar  beam  pair  Of 
particular  interest  is  the  beam  splitting  and  wavelength 
separation  method.  The  Coherent  Innova  90/5  laser  was 
operated  in  the  all-lines  mode  with  1.75  Watts  total  output 
power.  This  ensured  T'EMOO  mode  structure  on  both  the  488 
and  514.5  nm  wavelengths  and  the  absence  of  thermal 
focusing  of  the  laser  beam  by  the  Br^  cell.  The  Br^  cell 
was  orienuted  so  that  the  zero  and  first  order  diffracted 
beams  were  in  the  horizontal  plane  and  that  the  Bragg  angle 
was  satisfied  The  RF  power  to  the  Bragg  cell  was  reduced  to 
provide  equal  intensities  in  (he  zero  and  first  order  diffracted 
beams.  A  pair  of  fused  silica  Pellin  Broca  prisms  were  used 
for  wavelength  separation  with  the  dispersed  beams  exiting  in 
the  vertical  plane.  The  combination  of  the  Bragg  cell 
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Beam  expanding  optics 


Ftg.  1  Two  component  transmission  optics 


diffiraction  and  (he  pnsm  pair  dispersion  produced  (he  near 
square  syniine(ncal  laser  beam  pauem.  as  shown  in  Figure  I. 
with  the  diftraaed  beam  pairs  at  488  and  514. S  run  lying  in 
horizontal  planes,  one  above  the  other 

The  optical  geometry  of  the  prisms  (hat  direct  each 
beam  pair  to  their  beam  expandmg  optical  systems  is  only 
shown  in  principle  in  the  2-dimensional  schematic  of  Figure 
1 .  One  pair  of  beams  enters  directly  its  beam  expander,  here 
the  514.5  nm  wavelength  pair,  while  the  488  nm  wavelength 
pair  must  have  their  plane  rotated  through  90  degrees  .  This 
plane  rotation  was  performed  by  two  prisms  with  their 
hypotenuse  faces  at  90  degrees  to  each  other.  As  this  method 
also  rotates  the  plane  of  polarization  of  each  beam,  a  lambda/2 
plate  placed  al  the  entrance  to  the  488  nm  beam  expander 
restores  the  polarization  parallel  to  the  plane  of  the  fringe 
patterns. 

The  separation  of  each  beam  pair  entering  and  exiting 
the  beam  expanders  were  13.2  and  50.0  mm  respectively,  i.e. 
an  expansion  ratio  of  3.8  which  also  rqiplied  to  the  individual 
output  beam  diameters.  To  bring  the  orthogonal  488  nm  beam 
pair  to  a  common  optical  axis  with  the  514.5  nm  beam  pair  a 
mirror  periscope  was  used  which  consisted  of  a  fixed  circular 
mirror  and  a  slim  rectangular  alignment  mirror.  To  ensure 
that  the  488  and  514.5  nm  beam  pairs  were  co-axial  and 
parallel  they  were  checked  over  a  throw  of  more  than  30 
metres.  Corrections  to  the  former  were  made  by  translation  of 


the  alignment  mirror  along  the  optical  axis  and/or  tilt  and 
twist  of  this  mirror  about  the  optical  axis.  Adjustments  for 
parallelism  required  a  precision  translation  of  the  negative 
lens  in  the  individual  beam  expanders. 

While  this  produced  a  high  degree  of  alignment 
accuracy  a  final  check  for  confocal  measurement  volumes 
was  made,  in  situ,  after  prpjectmg  them  through  the  optical 
access  window  and  onto  the  vertical  axis  of  the  cylindrical 
combustion  chamber.  This  uivolved  the  complete  optical 
system  with  the  receiver,  a  Dantec  57X10,  positioned  to 
collect  (he  light  scattered  through  the  other  window  in  the 
cylinder  head  located  to  produce  a  70  degree  scoteting  angle. 
The  fuel  injeaor  was  removed  from  the  cylinder  head  and 
replaced  by  an  artist's  airbrush  to  produce  a  spray  of  alcohol 
droplets  directed  down  through  the  confocal  measurement 
volumes.  The  2-component  version  of  the  57X10  receiver  has 
4  photomultipliers,  3  for  the  514.5  nm  optics  for  the 
measurement  of  the  vertical  velocity  component  and  dropsize 
and  1  for  the  488  nm  optics  for  the  measurement  of  the 
horizontal  velocity  component,  the  output  from  which  were 
also  balanced  during  this  alignment  check. 

The  signals  from  each  photomultiplier  were  monitored 
on  a  Tektronix  2430A  digitising  oscilloscope  The  digitising 
rate  was  too  low  (100  MHz)  for  faithful  reconstruction  of  the 
Doppler  signals  (—50  MHz)  but  adequate  when  the 
oscilloscope  was  operated  in  envelope  mode  for  recording 
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and  comparing  the  envelopes  of  (he  Doppler  signals. 
Equalisation  of  the  4  signal  envelope  peaks  was  then  adjusted 
by  the  high  voltage  supply  levels  to  the  photomultipliers  and 
the  coincidence  of  the  488  nm  signal  with  any  of  the  514.5  nm 
signals  was  easily  adjusted  by  corrections  to  first,  the 
alignment  mirror  and  secondly,  to  (he  focus,  if  the  signal  peak 
could  be  improved  upon.  With  such  attention  to  detail  the 
data  and  validation  rates  were  readily  maximised  and  for  2- 
component  velocity  and  dropsize  measurements  on  the 
airbrush  spray  inside  (he  engine  combustion  chamber  the 
validation  rate  would  exceed  95% 

The  single  cylinder  research  Diesel  engine  and  its 
operation  have  been  described  in  detail  by  Pitcher  and  Wigiey 
( 1992),  but  for  completeness  a  shon  description  is  given  here. 
The  combustion  chamber  is  a  vertical  cylinder  of  50  mm 
diameter  and  height  inside  the  cylmder  head  which  is 
accessed  by  2  vertical  plane  circular  windows  angled  to 
produce  the  required  70  degree  light  scattering  geometry  The 
fuel  injector  is  mounted  m  the  top  of  the  combustion  chamber 
and  produces  one  fuel  spray  directed  vertically  down  the  axis 
of  (he  combustion  chamber  The  combustion  chamber  is 
pumped  by  the  piston  of  a  3-litre  single  cylinder  2-stToke 
Diesel  engine  to  produce,  at  the  time  of  injection,  a  near 
quiescent  but  turbulent  compressed  air  charge  of  peak 
pressure  56  Bar  and  temperature  900  K  when  the  engine  was 
motored  at  500  RPM.  j\  Bosch  4  in-line  Diesel  injector  pump 
with  only  one  active  pumping  elemeru  wras  driven  directly  by 
the  engine  crankshaft  and  supplied  fuel  to  a  Bosch  DSLA 
Diesel  injector  drilled  to  produce  a  sac  type  single  hole  nozzle 
of  diameter  and  length  0.2  and  1.0  mm  respectively.  The 
nozzle  Qow  control  needle  opened  at  a  fuel  line  pressure  of 
220  Bar,  peak  injection  pressure  reached  386  Eha  .  0.39  ms 
after  the  needle  opening,  and  8.9  mm’  of  fuel  were  injected 
during  the  injection  period  of  1.66  ms.  The  fuel  line  pressure 
at  the  injector  was  measured  with  a  piezo-electric  quartz 
transducer  and  digitised  to  be  displayed  with  the 
velocity/dropsize  data  animation 

The  alignment  of  the  measurement  volume  and  (he 
measurement  grid  within  the  spray  followed  the  same 
procedure  as  in  the  earlier  study.  The  spray  axis  was 
identified  by  (he  intense  light  scatter  comity  fi'om  a  thin 
column  within  the  spray.  The  radial  measuremerU  positions 
were  in  0. 1  mm  increments  for  the  axial  locations  of  z  =  5  and 
10  mm  and  0.2  mm  increments  for  z  =  IS.  20  and  25  mm 
downstream  relative  to  (he  nozzle.  It  was  noted  (hat  the  spiray 
trqeaory  was  not  truly  vertical  between  z  =  0  and  IS  mm. 

At  each  measurement  position  15,000  validated 
samples  were  recorded.  This  required  between  300  and  1200 
injections  depending  on  the  degree  of  atomization  of  the  fuel 
and  the  local  air/fuel  void  fraction.  Each  sample  consisted  of 
the  axial  and  radial  velocity  components,  the  dropsize  and  the 
droplet  arrival  time  relative  to  a  trigger  occurring  shortly 
before  each  injection.  To  ensure  that  all  the  data  collected  was 
attributable  to  the  injected  fuel  droplets  (he  burst  detector  in 
the  Dantec  PDA  Covariance  processor  was  activated  for  a 
period  of  4  ms  after  the  trigger.  In  processing,  the  velocity 
and  dropsize  data  were  averaged  over  consecutive  40  ps  time 
bins  to  allow  the  mean  time  histories  of  the  2-veiocity 
components,  dropsize  and  sample  number  to  be  ploued.  A 
minimum  of  10  samples  was  required  in  any  bin. 


3.  RESULTS  AND  DISCUSSION 

As  discussed  earlier.  Pitcher  and  Wigiey  (1992),  a 
ligament  of  liquid  fuel  moving  through  the  measurement 
volume  was  identified  by  a  zero  or  minimum  m  the  time 
history  of  the  sample  distribution  plots  on  or  close  to  the 
spray  axis  respectively.  They  were  moat  easily  observed 
between  z  =  5  and  10  mm  below  the  nozde  and  were 
associtted  with  a  peak  in  the  mean  axial  velocity  time  history 
in  the  immediate  shear  layer.  A  similar  behaviour  wie  also 
observed  here  but  only  3  ligaments  were  found  rather  than  the 
5  observed  in  the  previous  study.  The  only  differences 
between  the  nozzles  and  their  operation  were  those  associated 
with  normal  machining  tolerances  and  surface  finish,  a 
slightly  shorter  fuel  injection  period.  1.66  ms  instead  of  2.00 
ms.  and  therefore  a  lower  peak  pressure,  386  Bar  instead  of 
425  Bar.  Once  again  the  effect  of  a  ligament  moving  through 
the  measurement  volume  produced  a  peak  in  the  axial  mean 
velocity  in  the  immediate  shear  layer  but  furthermore,  a  peak 
in  the  radial  mean  velocity  was  also  observed  indicating 
droplets  being  entrained  in  towards  the  ligameiu. 

A  typical  example  of  this  behaviour  is  shown  in 
Figure  2  for  the  measurement  location  z  =  10  mm  and.  r  =  0.3 
mm.  The  axial  (U)  velocity  componem  is  the  upper  profile 
and  is  preseiued  as  positive,  down  from  the  noole  while  (he 
radial  (V)  velocity  component  is  positive  for  droplets  moving 
radially  out  from  the  spray  axis.  The  histogram  represents  the 
sample  number  contained  in  each  40  fis  time  bin.  normalised 
to  the  peak  containing  2000  samples.  In  the  following 
discussion  the  analysis  presented  has  been  based  on  all  the 
data  obtained  and  cannot  necessarily  be  derived  uniquely 
from  that  presented  in  Figure  2. 

The  fuel  on  the  lip  of  the  spray  was  poorly  atomized,  h 
only  a  few  droplets  appear  at  0.6  ms  and  were  followed  by  a 
lig^ent  of  fuel  of  tqiproximately  0.3  mm  radius  and  lasting 
80  jts.  The  few  droplets  on  the  spray  tip  are  moving  down 
and  radially  out  from  the  spray  axis  with  the  same  velocity, 
only  7  m/s.  Droplets  sheared  directly  from  the  following 
ligamem  have  a  much  higher  axial  velocity  but  show  a 
negative  radial  velocity  component,  i.e.  droplets  immediately 
behind  the  spray  tip  are  entrained  into  the  spray. 

The  second  ligament  is  more  substantial  it  appears 
shoitly  after  1  ms  and  persists  until  1.3  ms.  This  is  followed 
by  a  slow  growth  in  sample  number  until  1 .60  ms  after  which 
the  sample  number  increases,  to  a  peak  at  1.83  ms.  with  the 
bteak-up  of  this  ligament  tail  and/or  the  arrival  of  a  portion  of 
the  spray  that  is  atomized.  At  this  stage  the  mean  axi^  velocity 
profile  has  a  minimum,  dropping  down  to  16  m/s.  while  the 
entrainmenl  velocity  has  been  steadily  decreasing  with  the 
radial  velocity  profile  showing  a  value  of  -4  m/s. 

The  third  ligament  approaches  the  measuremeitt 
volume  shortly  before  2.00  ms  and  lasts  until  2.25  ms.  It  is 
followed  by  the  highest  sample  number  counts  recorded,  i.e. 
the  highest  degree  of  atomization  of  the  fuel  at  this  specific 
location.  The  injection  of  this  ligament  occurs  just  before  the 
needle  closes  at  2. 14  ms.  The  axial  and  radial  velocity  profiles 
have  maximum  and  minimum  values  respectively  during  the 
pass^e  of  the  ligameiu.  In  (he  well  atomized  portion  of  the 
spray  behind  the  ligament,  after  2.5  ms,  the  radial  velocity 
component  is  virtually  zero  with  the  axial  velocity  decreasing 
as  the  momentum  of  ^e  residual  spray  is  dissipated. 
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Fig.  3  Sample  dbtrlbutloD  plots  for  different  ailal  locations 
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To  indicate  how  these  ligaments  propagate 
downstream  and  finally  break-up.  plots  of  the  sample  number 
distributions  are  shown  m  Figure  3  for  the  spray  axis,  r  =  0 
mm.  at  the  axial  locations  of  z  =  16.  21  and  25  mm  The  time 
of  flight  of  the  spray  tip  between  the  three  axial  locations  is  80 
ps.  giving  a  mean  lip  penetration  velocity  of  initially  62.5  m/s 
and  decreasmg  to  50  m/s.  The  sample  number  distributions  at 
z  =  16  and  21  mm  are  similar  with  the  two  main  ligaments 
clearly  present,  at  1.10  ms  and  2.20  ms  for  the  first  location 
and  with  a  short  delay  for  the  time  of  flight  for  the  second 
location.  However,  at  this  second  location  non-zero  sample 
numbers  indicate  that  the  l^aments  are  not  always  present  i.e. 
spatial  instabilities  and/or  break-up  occurs.  This  partly 
explains  the  large  changes  observed  in  the  sample  number 
distribution  recorded  for  the  third  location,  z  =  25  mm.  A 
high  degree  of  atomization  now  occurs  m  and  behind  the 
spray  tip  with  the  peak  sample  number  found  at  1. 1  ms  which 
is  followed  by  a  steep  decline  in  numbers  and  a  levelling  off 
after  1  40  ms 

There  are  several  processes  which  deteimme  the 
sample  number  distribution  between  z  =  16  and  25  mm.  The 
growing  instabihties.  break-up  and  atomization  of  the 
ligaments  responsible  for  the  downstream  droplet  generation 
and  vaporisation,  ignition  and  combustion  accounting  for 
droplet  consumption.  The  dominant  mode  for  droplet 
production  is  considered  to  be  shear  acting  on  the  surfiice  of 
the  high  speed  ligaments.  However,  the  shear  force  associated 
with  these  high  pressure  transient  sprays  varies  in  both  space 
and  time.  The  fuel  injection  pressure  varies  during  the 
injection  period  and  the  resistance  to  the  fuel  flow  decreases 
downstream  from  the  noale  as  the  upstream  droplets  transfer 
their  momentum  to  the  surrounding  air.  All  of  these  effects 
contribute  to  determinii^  the  droplet  size.  Figure  4  shows 
how  the  dropsize  lime  history  varies  between  z  =  10.  16.  20. 
21  and  25  mm  for  a  fixed  radial  position  in  the  spray  of  r  = 
0.4  mm.  The  family  of  dropsize  profiles  follow  a  curve 
similar  to  a  shallow  parabola  with  an  initial  decrease  in  the 
dropsize.  until  after  1.1  ms.  which  is  followed  by  an  increase, 
after  1.22  ms.  but  with  each  profile  having  a  different  rate  of 
rise.  The  times  of  1.1  and  1.22  ms  are  significant,  the  fir^ 
coincides  with  the  fuel  line  pressure  being  a  maximum  at  the 
nozzle  while  the  latter  is  the  lime  at  which  combustion  is 
detected  at  z  =  25  nun.  The  droplets  on  the  spray  tip  at  every 
axial  location,  other  than  z  =  10  mm.  have  the  same  arithmetic 
mean  diameter.  Dm  .  of  3.5  pm.  All  the  dropsizes  decrease 
after  the  spray  tip  but  the  smallest,  down  to  2  pm  are  to  be 
found  between  z  =  10  and  16  mm.  The  dropsize  profiles  at  z  = 
20.  21  and  25  mm  exhibit  an  increase  in  time  but  also  an 
additional  increase  with  increasing  distance  downstream  from 
the  nozzle.  However,  it  is  not  that  larger  droplets  are  being 
produced  in  increasing  numbers,  as  is  the  case  close  to  the 
nozzle,  but  that  the  small  dropsize  classes,  less  than  1  pm  are 
being  depleted  from  the  dropsize  distribution. 

Variation  in  the  dropsize  profile  as  a  function  of  radial 
position  in  the  spray  also  has  a  certain  dependence  on  the 
axial  location.  Between  z  =  5  and  15  mm  the  dropsize 
decreases  quite  steeply  across  the  core  and  shear  regions  of 
the  spray  to  a  near  uniform  value  in  the  spray  periphery.  At  z 
=  16.  20  and  21  mm  there  is  also  a  decrease  in  the  dropsize 
from  the  spray  axis  out  into  the  shear  layer  to  r  =  0.6  mm  but 
then  an  increase,  at  r  =  0.8  mm  before  the  dropsize  profiles 


agam  decrease  with  mcreasmg  radial  location  in  the  spray 

This  radial  variation  m  the  dropsize  profiles  is  shown 
in  Figure  5  at  the  axial  location  of  z  =  21  mm  The  high 
dropsize  values  in  the  shear  layer  are  at  r  =  0.8  mm.  position  5 
in  the  plots.  One  pomt  of  note  is  that  the  time  history  of  radial 
velocity  component  for  r  =  0.8  mm  is  the  first  to  show 
predominately  positive  values  These  droplets  are  much  less 
affected  by  enirainmeni  which  has  a  greater  influence  on  the 
smallest  dropsize  classes.  An  analysis  of  the  raw  data  revealed 
that  fewer  small  droplets  were  recorded  but  that  also  the 
vaUdation  rate  had  a  significantly  lower  value  here  than  at 
neighbouring  radial  positions.  The  explanation  to  this 
behaviour  lies  in  the  final  break-up  and  atomization  of  the 
unstable  ligaments  whose  swept  cross-sectional  area  is  greater 
than  that  of  the  initial  axial  ligaments.  Effective  droplet 
generation  is  still  to  be  found  at  the  location  of  greatest  s)< 

While  this  mean  velocity,  dropsize  and  sample 
presemed  in  a  precise  maimer  it  is  difficult  to  visualise 
happening  in  the  spray,  not  only  locally  but  global]  , 
animation  of  the  spray  data  has  been  made  to  visualise  the 
planar  droplet  flow  field  structure.  Four  frames  of  this  are 
presemed  to  highlight  some  of  the  events  taking  place.  Each 
flow  field  frame  shows  a  geometric  representmion  of  the 
injector  injecting  in  the  horizontal  direction.  The  spatial 
distribution  of  the  data  at  any  specific  time  shows  the  local 
mean  droplet  velocity  and  trqeaory  represented  by  a  vector 
and  the  dropsize  as  a  circle  centred  on  the  vector.  The 
relevam  time  and  scales  are  given  above  in  the  title  bar.  the 
vector  arrow  head  also  scales  according  to  the  vector  length. 
The  title  bar  also  contains  the  colour  or  grey  scale  code  for 
each  vector  which  is  based  on  the  data  sample  coum  in  each 
40  ps  time  bin  and  only  represents  the  recorded  droplet 
density  distribution.  The  fuel  line  pressure  diagram  is  also 
indued  in  the  flow  field  frame.  Needle  lift  occurs  at  220  Bar 
(0.46  ms),  peak  pressure  is  386  Bar  ( 1 .02  ms)  and  the  needle 
closes  at  136  Bar  (2.12  ms).  To  reduce  confusion  with 
overlying  vectors  the  radial  distances  have  been  expanded 
relative  to  the  axial  distances  downstream  from  the  nozzle. 

The  first  frame,  in  Figure  6.  is  at  0.78  ms  and  the  fuel 
line  pressure  has  reached  294  Bar.  It  shows  that  the  spray  tip 
has  reached  the  21  mm  axial  measuremem  plane  and  that  only 
those  droplets  in  the  downstream  peripheral  regions  of  the 
spray,  r  >  1.4  mm  at  z  =  16  mm  and  r  >  0.8  mm  at  z  =  20  and 
21  mm.  have  any  qipreciable  outward  radial  trqectories. 
Elsewhere,  behind  the  spray  tip  and  particularly  in  the 
measurement  planes  z  =  5,  10  and  15  nun  the  droplets  exhibit 
a  considerable  degree  of  entrainmem  back  iiuo  the  spray.  It  is 
important  to  note  that  the  absolute  vertical  and  horizontal 
velocity  components  were  measured  and  not  those  pataUel 
and  normal  to  the  local  spray  axis  trqectory. 

The  variation  in  the  veaor  lengths  in  the  different  axial 
measuremeiU  planes  indicates  the  complex  interactions  of  the 
fuel  ligament  in  the  spray  lip  and  the  transfer  of  momentum 
from  the  droplets  to  the  initially  quiescetu  airflow.  The 
Ugament  is  responsible  for  the  spray  tip  penetration  and 
droplet  generation  with  high  instantaneous  velocities,  at  z  =  1 5 
and  16  mm.  while  the  high  drag  on  the  droplets  cause  rapid 
deceleration,  high  momentum  transfer  rates  and  low  terminal 
droplet  velocities  at  z  =  5  and  10  mm. 

The  spatial  variation  in  dropsize  shows  the  largest 
found  are  at  z  =5  mm  and  close  to  the  spray  axis  at  z  =  15 
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Fig.  8  Velocity  vector  and  dropsize  Held  at  1 .46ms  Fig-  9  Velocity  vector  and  dropslze  Held  at  2.42ms 


mm.  The  smallest  droplets  are  found  at  z  =  10  mm  and  m 
general  the  dropsize  decreases  with  increasing  radial  location. 
The  highest  recorded  droplet  sample  counts  are  on  the  spray 
periphery  at  the  axial  locations  z  =  IS.  16  and  20  mm 

The  second  frame,  in  Figure  7.  at  1.1  ms  shows  how 
the  droplet  flow  field  structure  has  developed  up  to  the 
estimated  time  at  which  peak  pressure  at  the  nozzle  is  reached, 
the  line  pressure  indicates  368  Bar.  This  lime  coincides  with 
the  smallest  dropsizes  being  measured  throughout  the  spray. 
The  flow  structure  on  the  spray  axis  is  dominated  by  the 
second  fuel  ligament  passing  through  the  locations  z  =  5.  10 
and  IS  mm.  It  appears  to  produce  few.  but  comparatively 
large  droplets  with  high  velocities  and  entrainment  in  the 
neighbouring  radial  measurement  locations.  Away  from  the 
spray  axis  the  droplet  velocities  show  a  systematic  increase 
with  distance  downstream  from  the  nozzle  with  the  droplets  in 
the  spray  tip,  i.e.  at  z  =  25  mm.  having  the  highest  velocities, 
up  to  70  m/s.  and  a  near  linear  but  weak  velocity  gradient  in 
die  radial  direcuon.  The  sample  densiiy  distnbuuon  across  die 
spray  at  z  =  25  mm  is  quite  uniform  out  to  r  =  1.2  mm  and 
higher  than  anywhere  else  in  the  spray.  The  dropsizes  are 
generally  smaller  in  this  frame  than  m  the  previous  one  and. 
excluding  those  on  the  spray  axis,  have  a  narrow  distribution 
of  sizes.  The  largest  droplets  are  to  be  found  at  z  =  5  mm.  up 
to  S  pm.  followed  by  those  at  z  =  25  mm  at  3.5  pm. 

The  third  frmne  in  Figure  8.  at  1.46  ms  and  fuel  line 
pressure  of  324  Bar.  shows  the  droplet  flow  field  structure  at 
the  time  when  the  droplet  velocities  at  z  =  25  mm  have 
reached  their  maximum  values  of  tqiproximately  99  m/s.  The 
fuel  ligament  of  the  previous  frame  is  coming  to  an  end.  its 
presence  can  oiUy  be  found  at  z  =  5  mm  at  r  =  0  and  O.l  mm 
but  low  sample  counts  are  still  to  be  found  on  the  spray  axis 
even  down  to  z  =  15  mm.  Entrainment  of  the  droplets  back 
into  the  spray  is  still  high  in  this  region  and  extends  out  to 
tqiproximately  O.Srmax  where  also  the  highest  droplet  sample 
counts  are  to  be  found.  At  z  =  20  and  25  mm  the  droplet 
sample  count  and  axial  velocity  across  the  spray  is  quite 
uniform  out  to  r  =  1.0  mm.  At  greater  radial  positions  the 
droplet  sample  count  decreases,  the  radial  outflow  increases 
and  the  axial  velocity  component  decreases.  The  droplet  sizes 
have  all  increased  compared  with  the  previous  frame  but  the 
increase  at  z  =  20  and  25  mm  is  higher  since  combustion 
started  at  1.26  ms  at  z  =  25  mm  The  smallest  droplets  are  still 
to  be  found  at  z  =  10  and  IS  mm  with  a  decreasing  size  profile 
as  the  radius  increases. 

Apan  from  the  third  ligament  qipearing  at  1.9  ms  the 
velocity  field  slowly  relaxes  as  the  fuel  line  pressure 
decreases.  The  needle  closes  at  2.12  ms.  with  a  fuel  line 
pressure  of  136  Bar.  which  causes  this  ligament  to  break-up 
close  to  the  nosle  by  2.30  ms.  This  produces  the  highest 
recorded  droplet  sample  counts  to  be  observed  on  the  spray 
axis.  The  flow  field  structure  in  Figure  9  at  2.42  ms  indicates 
that  the  highest  droplet  sample  counts  are  found  between  z  = 
5.  10  and  IS  mm  for  r  less  than  0.2.  0.4  and  0.4  nun 
respectively.  These  high  sample  counts  do  not  penetrate  down 
to  z  =  20  mm.  where  a  uniform  distribution  is  found  across 
the  spray,  while  at  z  =  25  mm  the  sample  count  is  a  minimum 
on  the  spray  axis. 

Without  more  fuel  being  injected  the  spray  moves 
under  its  own  momentum  and  generates  a  radial  out  flow  to 
be  observed  at  z  =  5  and  10  mm  although  the  velocities  are 


small.  They  are  less  than  10  and  15  m/s  respectively  with  the 
former  being  obscured  by  the  lar<>e  scale  of  the  dropsize  data. 
The  velocity  profile  across  the  spray  at  z  =  20  and  25  mm  is 
virtually  a  plug  flow  but  with  a  slight  radial  in-flow  on  the 
spray  axis.  /Assuming  that  the  flow  field  structure  is  fully 
developed  this  would  mean  that  the  spray  axis  itself  was 
inclined  to  the  vertical  and  if  not  due  to  the  mechamcal 
alignmem  of  the  nosle  then  it  was  due  to  the  in-cylinder  au 
motion  and/or  combustion. 

The  dropsize  distribution  now  shows  large  mcreases  in 
the  dropsize  at  all  locations  but  particularly  at  z  =  5.  20  and  25 
mm.  Not  only  are  large  droplets  produced  close  to  the  nozzle 
after  the  needle  closes  but  ev^ioration  and  combustion  are 
depleting  the  lower  dropsize  classes  elsewhere.  After  this  tune 
the  dropsize  steadily  increases  while  the  axial  velocities 
decrease  until,  at  2.70  ms,  droplets  are  no  longer  found  at  z  = 
20  and  25  mm.  Droplets  can  ^  be  found  between  z  =  5  and 
15  mm  as.  late  as  3.3  ms  but  with  velocities  of  only  a  few  m^s 
and  Milh  dropsizes  of  up  lo  20  |im  or  more 


4.  CONCLUSIONS 

Simultaneous  two  component  velocity  and  dropsize 
measurements  have  been  performed  in  the  near  nosle  region 
of  a  Diesel  injector  in  a  firing  engme.  using  Phase  Doppler 
/^emometry.  The  results  support  the  presence  of  a  central 
single  phase  core  of  liquid,  from  which  droplets  are  formed 
in  ihe  shear  layer  bMween  the  core  and  the  gas.  The 
measuremeru  of  the  radial  component  of  velocity  has  allowed 
the  entrainmeitt  of  droplets  back  iitto  the  spray  to  be 
identified.  The  central  core  is  not  contiguous  during  the  entire 
injection  period,  but  is  composed  of  several  well  defined  and 
coherem  ligament  structures. 
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ABSTRACT 

Characteristics  and  physical  phenonnena  inher¬ 
ent  to  an  IDI  Diesel  spray  (pintle  injector)  vary 
considerably  during  the  injection  process  and  de¬ 
pend  mainly  on  instantaneous  conditions  upstream 
the  injector. 

Velocity  and  diameter  distributions  of  fuel 
droplets  have  been  obtained  for  a  given  spray  at 
various  distances  downstream  the  injector.  Images 
of  the  spray  at  each  instant  were  also  taken  in  order 
to  obtain  the  evolution  of  macroscopical  character¬ 
istics  of  the  jet  such  as  tip  penetration  and  angle  of 
the  spray. 

A  description  of  the  experimental  facilities  used 
to  study  atmospheric  IDI  Diesel  sprays  is  presented. 
The  paper  concludes  with  a  correlation  made  be¬ 
tween  the  behaviour  of  the  spray  and  the  instanta¬ 
neous  characteristics  in  the  nozzle. 


1.  INTRODUCTION 

Characteristics  of  the  fuel  spray  injected  inside 
the  cylinder  of  a  Diesel  engine,  is  one  of  the  main 
factors  affecting  the  combustion  process  and,  so  the 
engine  efficiency  and  pollutant  emissions. 

The  need  of  obtaining  "cleaner”  engines  nowa¬ 
days,  makes  necessary  to  improve  the  knowledge  of 
phenomena  of  spray  atomisation. 

Many  researchers  have  focused  their  efforts  to¬ 
wards  the  study  and  characterization  of  Diesel  injec¬ 
tion,  some  of  them  studying  the  spray  directly  inside 
real  fired  engines  (Quoc  Sc  Brun  (1993),  Ahmadi- 
Befrui  et  al.  (1991)  and  Wigley  (1990)).  The  com¬ 
plexity  and  difficulties  inherent  to  this  kind  of  exper¬ 
iments  has  lead  to  the  development  of  many  physi¬ 
cal  models  more  or  less  close  to  real  engines  in  order 
to  make  this  study  easier.  Such  models  go  from 


the  Rapid  Compression  Machine  (Takahashi  et  al. 
(1991))  to  the  injection  in  atmospheric  conditions. 
The  main  advantages  of  this  kind  of  simplified  mod¬ 
els  are  the  accessibility  to  observe  and  measure  in 
the  jet,  and  the  close  control  of  many  experimental 
parameters. 

The  aim  of  research  works  on  Diesel  injection 
is  often  to  determine  characteristic  variables  of  the 
spray.  The  more  available  ones  are  the  geometrical 
characteristics,  as  spray  tip  penetration  and  spray 
angle.  Many  works  have  been  based  on  observation 
by  means  of  standard  photography  (Sanchez  et  al. 
(1992)  and  Arcoumanis  et  al.  (1989)),  CCD  camera 
(Ahmadi-Befrui  et  al.(1991))  and  high-speed  cine¬ 
matography  (Reitz  Sc  Braco  (1979)  and  Takahashi 
et  al.  (1991))  in  order  to  obtain  geometrical  charac¬ 
teristics  as  a  function  of  test  conditions. 

A  very  important  variable  to  characterize  the 
atomisation  process  of  the  liquid  stream  sprayed 
by  a  nozzle  is  the  break-up  length.  It  has  been 
determined  by  measuring  the  electrical  conductiv¬ 
ity  inside  the  spray  (Hiroyasu  Sc  Aral  (1990)  and 
Chehroudi  et  al.  (1985)). 

Counting  of  droplets  collected  in  liquid  or  solid 
surfaces,  was  first  used  to  measure  the  final  diame¬ 
ter  of  fuel  droplets  (Hiroyasu  &  Aral  (1990)).  More 
recently,  optical  techniques  have  permitted  to  de¬ 
termine  droplet  diameters  distributions  in  any  given 
point  of  the  jet. 

An  important  step  taken  towards  the  com¬ 
prehension  of  the  liquid  stream  atomisation  (pri¬ 
mary  atomisation)  phenomena,  the  break-up  of  the 
largest  unstable  droplets  into  smaller  ones  (sec¬ 
ondary  atomisation)  and  the  coalescence,  has  been 
the  development  and  application  of  PDA  to  the 
study  of  Diesel  sprays.  The  simultaneous  determi¬ 
nation  of  the  velocity  and  diameter  of  the  droplets  in 
any  point  of  the  jet  has  made  possible  to  follow  the 
evolution  of  spray  structure,  and  to  observe  directly 
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the  result  of  the  different  atomisation  processes. 

As  a  consequence  of  the  general  and  relevant  re¬ 
sults  obtained  from  these  studies,  a  series  of  empiri¬ 
cal  expressions  describing  the  relationships  between 
characteristics  of  DI  Diesel  sprays  and  injection  pa¬ 
rameters,  in  particular,  diameter  of  the  orifice,  re¬ 
lation  between  fuel  and  air  densities  and  injection 
pressure. 

It  must  be  noted  that,  apart  from  some  excep¬ 
tions  (Zhang  ic  Shi  (1990),  Arcoumaniset  al.  (1989) 

. . . ),  most  results  are  referred  to  DI  plain  orifice  in¬ 
jectors. 

IDI  systems  (pintle  nozzle)  sprays  are  different 
from  DI  systems  for  several  reasons.  Besides  the 
fact  that  injection  pressures  are  significantly  lower, 
the  shape  of  the  orifice  of  the  injector  is  a  ring,  gen¬ 
erally  non  symmetrical,  whose  section  and  geome¬ 
try  are  controlled  by  the  position  of  the  pintle.  Be¬ 
cause  of  this,  the  hydrodynamic  characteristics  of 
the  fluid  at  the  exit  of  the  injector  are  very  different 
of  those  of  the  direct  injection  and  vary  consider¬ 
ably  along  the  injection  process  as  a  function  of  the 
pintle  lift.  Figure  1  shows  that  conditions  peculiar 
to  direct  injection  are  placed  inside  the  "atomiza¬ 
tion”  jet  breakup  regime  defined  by  Reitz  (Lefebvre 
(1989)).  Conversely,  in  the  case  of  a  pintle  injector, 


Figure  1:  Jet  breakup  regimes.  I:  Raleigh  breakup, 
II:  First  wind  induced  breakup.  III:  Second  wind 
induced  breakup,  IV:  Atomization  breakup 

conditions  in  the  nozzle  vary  along  the  injection  pe¬ 
riod  and  can  go  from  the  ’’atomisation”  jet  breakup 
regime  to  the  "second  wind  induced”  jet  breakup 
regime.  Thus,  great  differences  in  the  spray  be¬ 
haviour  when  changing  from  one  regime  to  another 
are  expected. 

Results  obtained  with  DI  systems  can  not  be  al¬ 
ways  extrapolated  to  IDI  sprays  because  of  afore¬ 
mentioned  reasons. 


2.  OBJECTIVES  OF  THE  WORK 

The  object  of  this  paper  is  to  characterize  free 
sprays  injected  by  a  pintle  injector  under  atmo¬ 
spheric  conditions  and  to  establish  the  relations  be¬ 
tween  the  behaviour  of  the  spray  and  the  instanta¬ 
neous  geometric  and  hydrodynamic  conditions  up¬ 
stream  the  nozzle. 

With  this  purpose  different  injection  parameters 
are  measured  in  order  to  obtain  the  instantaneous 
conditions  in  the  injector  hole.  On  the  other  hand, 
PDA  and  shadowgraph  techniques  are  employed  to 
characterize  the  spray  behaviour.  Tests  have  been 
performed  varying  injection  conditions  and  geomet¬ 
ric  characteristics  of  the  injector,  in  order  to  cover 
the  whole  range  of  injection  conditions  peculiar  to 
IDI  Diesel  engines. 

In  this  paper,  experimental  facilities  used  for  the 
study  of  sprays  under  atmospheric  conditions  are 
described  and  an  example  of  the  results  obtained  is 
given. 


3.  EXPERIMENTAL  FACILITIES 

As  a  consequence  of  their  variability,  geometri¬ 
cal  and  hydrodynamic  conditions  in  the  nozzle  play 
a  very  important  role  in  the  spray  behaviour.  Thus 
it  is  very  interesting  to  determine  them  in  detail. 
A  previous  characterization  of  the  injector  allows  to 
determine  the  effective  section  of  the  nozzle  and  the 
hydraulic  equivalent  diameter  a  function  of  pintle 
lift.  During  PDA  measurements  and  shadowgraphy, 
a  signal  corresponding  to  this  pintle  lift  is  provided 
by  an  inductive  transducer.  From  this  signal,  it  is 
possible  to  analyze  the  dynamics  of  all  moving  pieces 
and  thus,  to  determine  the  pressure  strengths  act¬ 
ing  against  them.  By  means  of  this  method  (Payri 
et  al.  (1993)),  different  parameters  are  obtained:  in¬ 
stantaneous  pressure  upstream  the  nozzle,  injection 
rate  and  instantaneous  characteristics  at  the  injector 
exit,  such  as  effective  section,  hydraulic  equivalent 
diameter,  flow  conditions  . . . 

The  experimental  setups  for  PDA  measurements 
and  spray  imaging  are  shown  in  figures  2  and  3. 

The  emitting  optics  of  the  PDA  system  includes 
a  4W  water  cooled  Ar"*"  L<iser  source  operated  at 
400mW,  a  40  Mhz  Bragg  cell  as  frequency  shifter 
and  a  TSI  15mm  laser  probe  linked  by  10m  length 
fibre  optics.  A  lens  with  a  focal  length  of  100mm 
was  placed  after  the  probe  in  order  to  increase  the 
range  of  velocities  allowed  by  the  system.  Collecting 
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Laser  wavelength 

514.5  nm 

Number  of  fringes 

29 

Fringe  spacing 

8.708/im 

Effective  scattering  angle 

68" 

Receiving  lens  focal  length 

310  mm 

Polarization  orientation 

0"  parallel 

Phase  factor  Ul-2 

3.09  deg/pm 

Phase  factor  Ul-3 

1.55  deg/fim 

Table  1:  PDA  configuration 


optics  and  electronics  are  those  of  a  standard  Dan- 
tec  l-component  system.  PDA  configuration  used  is 
summarized  in  table  1. 

PDA  measurements  were  performed  without 
temporal  gating.  The  1  x  cycle  signal  given  by  the 
injection  pump  bench  was  used  as  a  trigger  for  the 
PDA  system.  In  order  to  use  the  injection  line  of 
standard  engines  keeping  all  injection  parameters 
controlled,  the  injector  was  fixed  in  horizontal  posi¬ 
tion  and  no  movement  was  allowed.  The  PDA  optics 
were  mounted  vertically  on  a  X-Y-Z  table  what  per¬ 
mits  measuring  at  any  point  of  the  jet.  Spray  was 
injected  into  the  atmosphere.  The  aspiration  system 
was  designed  to  collect  most  of  injected  fuel,  gener¬ 
ating  an  air  stream  weak  enough  not  to  disturb  the 
jet. 


Figure  2:  Test  facility  for  injection  rate  and  PDA 
measurements. 

Measurements  were  performed  at  18  points  and 
5000  samples  were  validated  for  each  one.  Axial 
symmetry  of  the  jet  was  assumed.  Thus  10  points 
were  located  on  the  axis  of  the  jet  (Z  =  5,  10,  15,  20, 
30,  50,  100,  150,  200,  and  250mm  from  the  injector), 
and  the  other  8  points  were  placed  out  of  the  axis 
(r  =  2,  4,  and  8mm  for  Z  =  20,  and  r  =  2,  4,  8, 


12,  I6mm  for  Z=100mm).  These  point  were  chosen 
to  sweep  a  zone  equivalent  to  that  of  the  real  free 
length  of  the  spray  in  engine  conditions. 

To  take  photographs  of  the  spray,  a  Nikon  601- 
M  camera  with  a  60mm  Macro  objective  and  ISO 
100/21  standard  film  was  used.  Obturation  of  the 
camera  was  manually  operated.  As  illumination  de¬ 
vice,  a  Metz  CT-45  flash  with  fixed  duration  of  70 
fis  was  placed  behind  the  jet.  A  white  metacrilate 
plate  and  a  rough  glass  were  used  as  diffusors,  in 
order  to  obtain  homogeneous  illumination  in  a  rect¬ 
angular  area  of  at  least  300x150mm. 


Figure  3:  Test  facility  for  spray  imaging. 


A  TTL  reset  signal  coming  from  the  injection 
pump  bench,  electronically  delayed  at  a  previously 
defined  time  with  respect  to  the  injection  begin¬ 
ning,  was  used  as  trigger  signal  for  the  flash.  The 
system  allows  to  obtain  only  one  photography  each 
time,  but  taken  at  a  prefixed  delay  with  respect  to 
the  injection  beginning.  So,  images  were  taken  at 
instants  separated  20^s,  along  the  whole  injection 
duration.  Globed  macroscopic  characteristics  such 
as  the  angle  of  the  jet  and  the  spray  tip  penetra¬ 
tion  have  been  obtained  with  a  simple  processing. 
Although  quantitative  information  of  microscopical 
parameters  such  as  density  distribution  of  the  jet 
would  need  a  shorter  exposure  time,  this  system  has 
proved  to  be  a  useful  tool  to  compare  sprays  coming 
from  different  injectors  or  from  the  same  injector  un¬ 
der  different  injection  conditions,  as  well  as  to  guide 
PDA  measurements. 


4.  DISCUSSION  OF  RESULTS 

Experimental  results  shown  in  this  paper  are  a 
typical  example  of  IDI  spray  corresponding  to  a  full 


injection 

Dump 
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load  injection  with  a  pump  speed  of  1250  rpm.  As 
said  before,  the  main  characteristic  of  this  kind  of 
injection  is  the  variation  of  effective  section.  In  fig¬ 
ure  4,  two  zones  with  different  behaviour  can  be 
noted.  Up  to  a  pintle  lift  of  0.4mm  approx.,  section 
incre^tses  slowly  to  create  a  pilot  injection.  Since 
0.4mm,  opening  is  quicker  and  appears  a  disconti¬ 
nuity  in  flow  conditions.  As  a  consequence  of  this 
behaviour,  Weber  Number,  which  describes  opposite 
strengths  with  influence  on  liquid  core  atomisation, 
presents  three  rather  different  zones. 


Figure  4:  Injection  parameters. 

Figure  5  shows  results  provided  directly  by  PDA. 
The  first  plot  represents  the  velocities  of  5000 
droplets  measured  at  5mm  from  the  nozzle,  on  the 
axis  of  the  jet.  Each  velocity  sample  has  been  plot¬ 
ted  by  a  dot,  whereas  the  continuous  line  shows  the 
phase  averaged  value  of  Sauter  Mean  Diameter.  In¬ 
jection  takes  place  3.5ms  after  the  beginning  of  the 
pump  cycle. 

Great  variations  of  the  droplet  velocities  can 
be  observed  during  the  injection  duration  (2ms). 
Three  different  zones  appear,  corresponding  exactly 
to  those  of  Weber  Number  previously  commented. 
For  We  around  20  000,  very  low  velocities  between 
20  and  50  m/s  are  obtained.  In  the  central  zone 
of  the  injection,  for  We  >  100  000,  velocities  are 
much  higher,  reaching  130m/s.  The  low  veloci¬ 
ties  measured  at  the  beginning  and  at  the  end  of 
the  injection  are  partially  due  to  the  fact  that  the 
first  droplets  injected  find  a  static  air  and  thus  are 


quickly  braked;  on  the  other  hand,  the  last  0.5ms 
of  injection  correspond  to  relatively  low  pressures. 
However,  the  main  cause  of  this  effect  is  the  modi¬ 
fication  of  exit  conditions. 
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Figure  5:  PDA  results,  (a)  Z=5mm,  r=0; 

(b)  Z=20mm,  r=0  ;  (c)  Z=20,  r=2mm. 

In  agreement  with  Hiroyasu  k  Arai  ( 1990),  an  in¬ 
crease  in  Weber  number  implies  a  better  atomisation 
of  the  spray  and  a  decrease  of  the  quantity  Breakup 
length/$ef.  However,  due  to  the  great  variation  of 
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<te,  along  the  IDI  injection  process,  the  increase  of 
Weber  number  implies,  in  our  case,  an  increase  of 
the  breakup  length.  For  We  <  50  000  atomisation 
is  already  complete  at  a  short  distance  from  the  in¬ 
jector  and  the  existing  droplets  are  quickly  braked. 
Conversely,  for  larger  We  the  liquid  core  is  more  im¬ 
portant.  Fuel  maintains  a  velocity  close  to  the  exit 
theoretical  velocity  until  a  larger  distance  from  the 
injector. 


Wc=  10  000 

We  =  20  000 

We  =  3S  000 

We  =  60  000 

We  =  200  000 


We  =  230  000 


Figure  6:  Evolution  of  the  spray.  Photographs  are 
taken  at  intervals  of  20^s.  Instantaneous  Weber 
number  is  indicated  above  each  photograph. 

This  discontinuity  in  the  injected  fuel  braking 
process  explains  the  apparent  acceleration  of  the 
spray  tip  observed  in  figure  7  as  a  hard  change  in 
the  slope  of  the  tip  penetration  curve  starting  on 
4.0ms.  The  presence  of  the  liquid  core  can  be  ob¬ 
served  in  the  graphs  of  PDA  results  (figure  5(a)  and 
(b))  as  a  zone  with  very  few  data  at  the  centre  of 
the  injection. 

PDA  measurements  out  of  the  axis  of  the  jet 
as  well  as  shadowgraphs’  results  (figure  7)  also  evi¬ 
dence  the  dependence  of  the  spray  angle  on  and 
Weber  Number.  For  low  We,  injection  conditions 
are  placed  inside  (or  on  the  border  of)  the  "second 
wind  induced”  breakup  regime,  which  corresponds 


to  a  low  spray  angle.  Conversely,  for  large  values 
of  We,  we  are  closer  to  typical  conditions  of  direct 
injection,  and  spray  angles  are  larger. 


Time  (me) 


Figure  7:  Spray  angle  and  tip  penetration. 

It  must  be  noted  that,  due  to  the  variable  be¬ 
haviour  of  the  jet,  its  structure  is  not  uniform  and 
"fuel  packets”  injected  at  every  instant  are  over¬ 
lapped  by  the  next  injected  ones  making  difficult 
to  analyze  directly  PDA  results  at  large  distances 
from  the  nozzle.  A  method  for  processing  results 
provided  by  PDA  which  will  allow  to  follow  the  tra¬ 
jectories  of  the  fuel  packets  at  any  instant  and  thus 
analyzing  better  the  relationships  between  instan¬ 
taneous  injection  conditions  and  behaviour  of  the 
spray  is  being  developed  at  CMT. 


5.  CONCLUSIONS 

In  this  paper,  facilities  put  into  operation  for 
the  study  of  IDI  Diesel  sprays,  have  been  presented 
through  an  example.  Simultaneous  measurement  of 
hydrodynamic  instantaneous  characteristics  at  the 
nozzle  and  of  droplets’  velocities  and  diameters  by 
means  of  PDA,  as  well  as  shadow  photography  per¬ 
mit  to  obtain  information  for  a  better  understand¬ 
ing  of  phenomena  which  take  place  in  this  kind  of 
sprays. 

First  studies  have  evidenced  that  spray  charac¬ 
teristics  vary  considerably  along  the  injection  pro¬ 
cess,  and  their  behaviour  depends  directly  on  in¬ 
stantaneous  Weber  number. 

Due  to  these  important  variations  in  the  atomi¬ 
sation  process,  the  spray  development  is  not  homo¬ 
geneous  and  the  rapid  droplets  catch  up  with  the 
slow  ones,  increasing  the  difficulty  to  draw  conclu¬ 
sions  from  PDA  measurements.  Nowadays  a  method 
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to  follow  the  evolution  of ’’fuel  packets”  injected  at 
every  instant  is  being  developed.  The  method  will 
allow  determining  the  relationship  between  the  exit 
conditions  and  the  atomisation  process  and  spray 
development. 
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NOMENCLATURE 

Z,  r  coordinates  of  measurement  points 

Hydraulic  equivalent  diameter 
V,'  initial  velocity  of  the  spray 

i/  kinematic  viscosity  (2.25  E^6  m^/s) 

Pa  air  density  (1.3  Kg/m^) 

Pt  fuel  density  (820  Kg/m^) 

a  Surface  tension  (0.024  Kg/s^) 

Re  Reynolds  Number  (Re  =  *•*) 

We  Weber  Number  (We  = 

Oh  Ohnesorge  Number  (Oh  =  -  ) 
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Mechanical  Engmeering  Department 
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ABSTRACT 

Distribtdions  of  droplet  size,  axial  velocity  and  liquid 
flux  have  been  measxned  downstream  of  a  model  inlet  valve 
wifli  a  phase-Doppler  velocimeter.  The  valve  had  a  diameter  of 
40mm.  a  4S°  bevelled  edge  and  was  arranged  at  the  exit  of  a 
straight  tube  of  inside  diameter  34mm  with  the  lifts  of  2, 4  and 
6mm.  Suction  was  applied  by  a  variable  speed  electric  fim  to 
simulate  the  intake  stroke  of  a  cylinder  of  400cc  diqilacement 
at  1200  RPM,  with  an  air  flow  rate  for  the  4mm  valve  lift  of 
0.99m^/niin.  corresponding  to  flie  bulk  velocity  of  38m/s  in 
the  valve  gap.  Gasoline  was  supplied  either  by  a  commercial 
injector  located  70iiim  from  the  valve  or  by  its  introduaion  on 
the  surfaces  of  the  valve  and  port 

Ihe  injection  of  fuel  with  an  open  valve  led  to  Sauter 
mean  diameters  between  80  and  100pm,  lower  than  the  130pm 
appropriate  to  the  free  unconfined  spray.  Wifri  2mm  valve  lift, 
the  spray  emerged  between  angles  of  10°  to  70°  to  die 
horizontal  axis  and  wifli  larger  valve  lifts  it  emerged  with 
narrow  angle  close  to  diat  of  the  valve  head  surfiice 
immediately  upstream  of  the  valve  bevel,  diat  is  23°.  The 
introduction  of  fuel  as  a  liquid  streams  led  to  a  Sauter  mean 
diameter  of  240pm  with  the  maximum  flux  emerging  from  the 
edges  of  the  valve  and  seat  bevels,  at  angles  of  30°  and  40°  to 
the  horizontal  axis,  respectively. 


1.  INTOODUCnON 

Port  injerXion  of  fuel  can  lead  to  mixture  control,  fuel 
economy  and  low  emissions  particularly  when  combined  widi 
a  three  way  catalyst  in  a  spark-i^iition  engine.  Electronic 
control  offers  an  added  advantage  in  setting  of  the  injection 
timing  for  individual  cylinders  and  Quader  (1982)  has 
demonstrated  that  axial  stratification,  which  can  be  beneficial 
with  lean  mixtures,  can  be  achieved  by  injecting  fuel  into  the 
inlet  port  before  the  end  of  the  intake  stroke  with  the  inlet 
valve  open. 

The  droplet  sizes  produced  by  a  pintle  injector,  see  for 
exanqile  Hardalupas,  Taylor  and  Whitelaw  (1990)  and 
Dementhon  (1992),  correspond  to  Sauter  mean  diameter  of 


about  130pm  and,  for  injection  with  an  open  valve.  Miller  and 
Ni^tmgale  (1990)  quote  10pm  as  die  largest  droplet  diameter 
which  is  able  to  follow  the  gaseous  phase  in  the  inlet  port  and 
dierefore  able  to  avoid  impingement  on  the  solid  surbees  of 
the  valve  and  the  port  Thus,  most  droplets  impinge  on  solid 
surfiices  and  die  consequences  depend  on  the  orientation  and 
location  of  the  injector.  The  liquid  may  re-atomize,  for 
example  by  impingement,  or  remain  as  liquid  on  the  sur&ces 
to  be  removed  uhimately  by  evaporation  or  by  die  air  flow. 

Extensive  research  has  been  carried  out  to  study  the 
effect  of  the  interaction  between  sprays  and  solid  surfiices. 
Photographic  methods  were  used  widi  single  droplets,  for 
example  by  Stow  and  Hadfield  (1981)  and  Chandra  and 
Avedesian  (1991),  and  have  shown  that  die  droplet  impinging 
on  a  solid  sur&ce  may  qiread,  rebound  or  form  smaller 
droplets  according  to  the  droplet  size,  velocity,  surfiKe 
roughness  and  tonperature.  However,  the  results  were  limited 
to  droplets  of  approximately  I  mm  diameter  and  should  be 
extrapolated  with  care  to  the  substantially  smaller  droplets  of 
the  impinging  spray  produced  by  a  gasoline  injector. 
Hardalupas,  Okamoto,  Taylor  and  Whitelaw  (1992)  used 
phase-Doppler  velocimetry  to  examine  the  consequences  of  a 
spray  impinging  on  a  inclined  disk,  without  co-flowing  air.  and 
showed  that  resulting  Sauter  mean  diameters  were  smaller  than 
in  the  free  spray  upstream  of  the  disk  but  up  to  180pm  close  to 
die  downstream  edge,  possibly  due  to  impingement  on  die 
surfiice  covered  with  liquid  film  from  previous  injections. 
Similarly,  impingement  on  a  rod  led  to  secondary  atomizatiem 
and  a  reduction  of  Saider  mean  diameter  immediately 
upstream  of  the  rod  and  to  a  liquid  film  with  most  of  die  liquid 
content  of  the  spray  in  the  form  of  a  stream  downstream  of  the 
rod.  Measurements  of  die  droplet  sizes  downstream  of  the  inlet 
valve  in  a  steady  and  unsteady  flow  simulation  of  die  iso¬ 
thermal  manifold  of  a  spark  ignition  engine,  for  example  Miller 
and  Ni^itingale  (1990)  and  Demendion  (1992),  have  shown 
diameters  in  excess  of  200pm  which  are  larger  dian  diose  of 
the  incident  spray  and  probably  due  to  the  formation  of  liquid 
film  Formation  of  surface  liquid  was  also  conjectured  from 
measurements  of  the  droplet  sizes  in  a  firing  engine  and  with 
injection  with  the  inlet  valve  closed,  Vaimobel,  Robert, 
Dementhon  and  Whitelaw  (1994)  and  Posylkin,  Taylor, 
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Vannobel  and  Whitelaw  (1994),  which  have  shown  la^ 
effects  of  the  residence  time  of  the  fuel  on  the  suffice  of  the 
valve  from  which  there  must  be  evaporation,  thoi^  not 
immediately  after  the  stait-up  when  the  inlet  valve  is  still  cold. 

Due  to  the  complexity  of  induction  phenomena  it  is 
difficult  to  distinguish  between  the  consequences  of  a  spray 
impinging  on  a  solid  surface  and  of  the  removal  of  liquid  from 
a  solid  sutfrce  by  co-flowing  air.  Thus,  the  purpose  of  the 
present  work  was  to  measure  size,  velocity  and  fiux 
characteristics  at  the  exit  from  an  inlet  valve  of  a  spray 
produced  by  injection  of  fuel  with  an  inlet  valve  open  and  to 
compare  the  results  with  these  for  subsequent  experiments  in 
which  liquid  fiiei  was  allowed  to  flow  down  the  valve  stem  and 
down  the  pipe  wall  to  be  subsequently  removed  by  air  flow,  as 
with  mjection  during  a  cold  start  with  the  inlet  valve  closed. 

The  following  section  describes  the  experimental 
arrangement  and  instrumentation.  The  results  aie  presented  in 
the  third  section  and  the  paper  ends  with  a  summary  of  the 
more  important  findings. 

2.  EXPERIMENTAL  ARRANGEMENT 

The  steady  flow  arrangement  used  to  investigate  the 
nature  of  droplets  in  the  valve  curtain  area  is  shown  in  figure  1. 
together  with  co-ordinate  system,  and  with  an  injector 
directing  a  fuel  spray  towards  a  valve.  Air  was  drawn  throu^ 
a  flow  contraaion.  with  area  ratio  of  16,  moimted  on  the  top  of 
the  inlet  pipe  which  was  400mm  long,  with  inner  and  outa 
diameters  of  34  and  40mm.  The  valve  was  located  on  the  axis 
of  the  inlet  pipe  to  within  ±0.3mm  by  a  spacer  arrangement 
with  a  valve  stem  of  4inm  diameter  and  410mm  long.  The 
axial  location -was  controlled  and  measured  by  a  micrometer 
arrangement  to  within  ±0.0Smm.  The  bulk  of  the  micrometer 
arrangement  was  located  in  the  contraction  and  so  did  not 
disturb  the  flow  within  the  inlet  pipe.  The  valve  diameter  was 
40nun  at  the  bottom  face  and  34mm  diameter  at  the  upper 
face,  with  a  45°  bevelled  edge  which  corresponded  to  a  similar 
bevelled  edge  on  the  exit  of  the  inlet  pipe.  The  valve 
arrangement  was  mounted  vertically  on  the  lid  of  a  closed 
cylindrical  chamber  of  220mm  inside  diameter  and  identical  to 
that  described  by  Hardalupas  et  al  (1990).  A  variable  speed 
electric  fan  was  connected  to  the  bottom  of  the  chamber  to 
induce  an  air  flow  through  the  inlet  pipe  and  the  volumetric 
flow  rate  of  the  air  was  monitored  by  a  rotameter. 

Unleaded  giisoline  of  density  765  kg/m^  and  viscosity 
0.515  cSt  at  25°C  was  drawn  fiom  a  tank  by  an  electric  fuel 
pump  and  supplied  through  a  diaphragm  pressure  regulator, 
which  maintained  a  nominally  constant  pressure  of  3  bar 
gauge,  to  either  a  commercial  injector  or,  through  a  control 
valve  and  rotameter,  to  the  upper  valve  suifiice  or  the  port 
wall.  The  fuel  injector  was  located  70mm  from  the  valve  and 
at  24°  to  the  vertical  axis  of  the  pipe,  so  that  the  axis  of 
symmetry  of  the  injector  was  directed  to  the  centre  of  fiie 
valve.  Fuel  was  supplied  to  the  surface  of  the  valve  throi^  six 


radial  1mm  holes  located  3nun  above  the  upper  suifiKe  of  ftm 
valve  which  had  a  hollow  stem,  and  to  the  port  wall  from  a 
pipe  of  5mm  diameter  located  400mm  above  file  valve  from 
which  it  was  allowed  to  spread  freely  over  the  circumfemnce 
of  the  wall. 

Two  90mm  diameter  glass  windows  provided  optical 
access  to  the  chamber  and  permitted  collection  of  ftie  scattered 
light  at  an  angle  of  30°  to  the  axis  of  the  transmission  optics  of 
the  pfaase-Doppler  anemometer.  The  optical  characteristics  of 
the  anemometer  are  summarized  in  Table  1  and  the  electronic 
signal  vns  processed  by  a  counter  triggered  by  a  TTL  pulse 
train  of  1ms  duratim  from  the  delayed  gate  output  of  an 
oscillosctqie  and  synchronized  with  the  injection  pulse  firom 
the  driving  electronics  of  the  injector.  Size-discriminated 
measurements  of  the  velocity  vectors  were  achieved  by 
rotation  of  the  plane  of  file  beams  about  file  axis  of  the 
transmitting  optics  as  described  by  Hardaliqias  and  Liu  (1992). 

The  accuracy  of  sizing  was  unaffected  by  the  presence  of 
non-spherical  droplets  because  their  velocities  resulted  in 
Weber  numbers  less  than  unity  for  a  typical  measured  filter 
mean  diameter  of  100pm.  which  is  far  below  the  citical 
breakup  value  of  around  12.  The  measurements  were  (u  sed  on 
about  5000  samples  at  each  point,  resulting  in  sutistical 
uncertainties  of  less  than  in  the  mean,  ±10%  in  the  rms  of 
the  velocity  signal  and  ±2%  in  the  cumulative  size  distribution 
based  on  the  number  of  droplets  (Tate,  1982).  The  liquid  flux 
measurements  are  presented  in  arbitrary  units  since  the 
uncertainty  in  the  individual  measurements  is  difficult  to 
quantify  and  may  be  more  than  30%  in  some  r^ons  of  the 
flow. 


Figure  1:  The  experimental  arrangement 
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TABLE  1 :  Characteristics  of  the  Phase-Doppler  Velocimeter 
Transmitting  Optics* 


iOO  mW  Inominiit)  Ai  *  Uwf  v«vetonKth 

914.)  nm 

openicd  at 

lOOmW 

Beam  diametet.  at  e*^  imeoaitv 

1.25  mm 

Focal  length  of  knees: 

unaging  lent  from  laser  to  grating 

collimating  lens  aiier  grating 

imagmR  lens  to  form  meaeurinR  volunae 

SOdOQlnsn 

200  mm 

600  mm 

Number  of  lines  on  radial  difiractioo  sratioR 

163M  (8192) 

ShiB  tiequeneviDominaOdue  torotatiooofsratinK 

tMHzri.S) 

Sboft«4erm  at^niitv  of  shift  frequeaev  (r.ias.) 

0.3  H 

Beam  separation 

34(17)  am 

Measured  half>«nKle  of  intersectioo 

1.62*  (0.88*) 

Calculated  dtmeneiooa  of  beam  inieimection  vohnw  at 
1/e^  imensity 

4.44  (8.8)  am 

0.125  (0.156)  mm 

0.125  (0.136)am 

Fruate  spacing 

9.106  (16.69)  pm 

Calculated  number  of  friqqes  vkschin  1/e^  mteositv 

14  (9.4) 

Frequency  to  velocity  conversion  factor 

0.109(0.0599) 

MH2/av'^ 

Receiving  Optics 


Location  of  collection  optics  from  forvktrd  scatter 

30  degrees 

Focal  length  of  coUimattng  lens  in  receivinR  optica 

600  nm 

Apertures  at  coUimattng  kns: 

dimcmion  of  rectangular  aperturet 

separation  between  apeitures  1  and  2 

separatton  between  apertures  1  and  3 

45  x6  nm 

25  mm 

50  mm 

Focal  length  of  imaainR  lens  in  receiving  optics 

300  ram 

Widdi  of  spaitai  filter  before  the  photomultipliers 

100  um 

Magnificaiion  of  receivuig  optics 

heiwe  elfectivc  length  of  meastring  volume 

2 

400  um 

Phase  angle-to-dumeter  convenion  factor  for  channel 

1  andi 

0.31(1.02) 

um/degree 

3.  RESULTS  AND  DISCUSSION 

The  results  are  presented  in  two  sub-sections  which 
describe  size,  velocity  and  liquid  flux  characteristics  of 
droplets  in  the  valve  curtain  area  as  a  result  of  injection  with 
an  open  valve  and  those  produced  by  fuel  introduced  entirely 
as  a  liquid  stream  on  either  the  upper  surface  of  the  valve  or  on 
the  port  wall.  The  axial  distributions  of  droplet  characteristics 
as  a  result  of  injection  with  an  open  valve  are  presented  for 
valve  lifts  of  2.  4  and  6inm  and  with  air  flow  rates  of 
O.S6m^/min,  0.99m^/inin  and  1.2m^/min.  respectively. 
Additional  results  are  then  presented  for  a  valve  lift  of  4nun 

• 

Vahics  in  brackcu  show  the  modified  setting  used  to  increase  the 
measurable  range  cf  a  PDA  inslnmiait  during  the  experiments  with  liquid 
sueams. 


which  was  required  to  avoid  impingement  of  emerging  droplets 
on  the  bevelled  edge  of  the  port,  with  a  steady  suction  pressure 
of  2kPa  gauge  in  the  cylindrical  chamber  which  resulted  in  co¬ 
flowing  air  flow  rate  of  0.99m^/min  and  bulk  velocities  of 
18.2m/s  in  the  inlet  pipe  and  38m/s  in  the  valve  gap.  This  flow 
rate  was  about  four  times  higher  than  the  time  avenged  air 
flow  rate  into  a  single  cylinder  of  400cc  displacement 
operating  at  1200  RPM  and  was  chosen  because  induction 
occurs  during  one  of  the  four  strokes.  The  injection  duration 
was  kept  constant  at  7ms,  unless  otherwise  stated,  with  a 
corresponding  charge  of  23mm^/injectioD  and  an  injection 
fiequency  of  10  Hz.  which  resulted  in  a  fuel  flow  rate  of 
IScc/min.  and  also  corresponded  to  a  speed  of  1200  RPM  in  a 
four  stroke  engine.  For  the  experiments  with  introduction  of 
steady  fuel  streams,  the  flow  rate  should  be  larger  than 
13cc/min  to  simulate  the  high  instantaneous  flow  rate 
experienced  by  a  solid  surface  during  the  impingement  and 
therefore,  since  the  7ms  injection  duration  corresponds  to 
about  one  third  of  the  duration  of  the  intake  stroke  at  1200 
RPM.  the  fuel  flow  rate  was  varied  in  the  range  of  12  - 
42cc/min. 

The  results  are  presented  as  ensemble  averages  over  the 
injection  cycle  and  with  time  measured  fiom  the  beginning  of 
injection.  The  velocity  results  have  been  normalized  by  the 
bulk  air  velocity  in  the  valve  gap.  flut  is  U,  =  43.7.  38  and 
3  Im/s  for  flie  valve  lifts  of  2.  4  and  6mm.  respectively,  and  the 
diameter  of  the  valve.  D  =  40mm.  was  used  to  normalize  the 
radial  and  axial  distances  from  the  valve  exit.  Measurements 
were  made  at  a  radial  distance  of  Y  -  24mm  from  the  valve 
exit  which  was  chosen  to  allow  at  least  O.Sms  between 
detachment  of  droplet  from  the  valve  and  arrival  at  the 
measuring  volume  to  ensure  spherical  droplets,  Naber  and 
Farrell  (1993).  and  to  remain  close  enough  to  the  valve  exit  to 
preserve  temporal  information.  The  measurement  locations 
were  between  Z  =  1mm  and  30mm  below  the  exit,  where 
droplets  emerged  as  a  result  of  injection  or  introduction  of 
liquid  stream  on  valve  or  port  surfaces,  and  corresponded  to 
0.025  <  Z/D  <  0.75  at  Y/D  =  1.1.  Velocity  measurements  are 
presented  for  four  ranges  of  droplet  diameters,  namely  24  to 
30pm.  56  to  62pm,  120  to  126pm  and  141  to  153pm.  which 
are  referred  to  as  the  27,  59,  123  and  147pm  droplet-size 
ranges.  The  27pm  range  was  representative  of  droplets  subject 
to  secondary  atomization  and  able  to  follow  the  gaseous 
velocity  most  closely,  the  59pm  and  123pm  ranges  were 
representative  of  the  most  probable  diameter  and  of  the  sizes 
carrying  more  than  50%  of  the  liquid  flux  when  the  fuel  was 
injected  with  the  valve  open,  and  the  147pm  size  range  was 
typical  of  the  most  probable  diameter  when  Aims  were 
removed  by  air. 

3. 1  Spray  Injected  with  theValve  Open 

Figure  2(a-c)  shows  time  averaged  spatial  distributions  of 
arithmetic  and  Sauter  mean  diameters,  mean  axial  velocities  of 
most  probable  size  class  and  liquid  flux  for  valve  lifts  of  2.  4 
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and  6iiim,  with  die  velocities  of  the  co>fIowing  air,  measured 
in  absence  of  fuel,  shown  by  vectors.  For  the  valve  lift  of  ?mm. 
the  liquid  flux  had  a  flat  distribution  and  emerged  in  the  range 
0.03  <  Z/D  <  0.73.  that  is  in  an  arc  between  10°  to  70°  to  the 
horizontal  axis,  and  a  Sauter  mean  diameter  of  around  lOOtim 
compand  wifli  that  of  13Q|im  in  the  fine  tmconfined  s|»ay. 
With  increase  in  the  valve  lift  to  4  and  6nun,  the  axial 
distribution  of  flux  exhibited  maxima  at  °  0.073  and 
0.123  respectively,  which  suggests  that  most  of  the  droplets 
emerged  finm  flie  r^ion  close  to  that  of  the  valve  head 
immediately  upstream  of  the  valve  bevel.  Size^iscriminated 
measurements  of  the  axial  and  radial  velocity  components  at 
the  locations  of  flux  maxima  confirmed  that  the  velocity 
vectors  in  the  Y-Z  plane  were  at  about  23°  to  the  horizontal 
axis,  compared  with  about  33°  for  the  co-flowing  air,  and  did 
not  depend  on  the  droplet  size.  Ihe  Sauter  mean  diameters 
wen  some  20%  smaller  than  wifli  the  2mm  valve  lift,  at  aboid 
80pm.  The  axial  velocity  of  the  most  probable  size  class,  flut 
is  37pm,  at  the  location  of  flux  maxima,  was  about  lOm/s  and 
the  magnitude  of  velocity  vector  of  about  23m/s  considering 
the  trajectory  of  droplets.  Reduction  of  the  air  flow  rate,  and 
consequently  the  bulk  air  velocity  in  the  valve  gap,  by  a  fiictor 
of  two  did  not  afiect  the  spatial  distribution  of  liquid  flux 
althou^  then  was  an  increase  of  10%  in  Sauter  mean 
diameter. 

Figun  3  shows  the  effect  of  injection  duratitm  cm 
arithmetic  and  Sauter  mean  diameters  of  emerging  droplets, 
averaged  over  the  injection  cycle,  with  the  valve  lift  of  4imn 
and  at  7JD  »  0.073,  corresponding  to  the  location  of  flux  peak 
of  figun  2(b).  The  Sauter  mean  diameter  increased 
monotonically  fiom  73  to  100pm  as  the  duration  of  injection 
increased  from  3  to  11ms  and  the  larger  difference  between 
arithmetic  and  Sauter  mean  diameters  with  increased  injection 
duration  suggests  that  the  niative  number  of  large  droplets 
increased. 

Figun  4  shows  the  temporal  development  of  Sauter  mean 
diameter,  axial  velocities  of  three  size  ranges  and  fluxes  at  the 
same  vertical  location  as  in  figun  3  and  for  injection  durations 
of  4,  7  and  10ms.  The  Sauter  mean  diameter  increased 
monotonically  with  the  time  elapsed  fiom  the  beginning  of 
injection,  with  the  largest  droplets  emerging  at  the  end  of  the 
injection  cycle  and  their  size  increasing  with  injection 
duration.  The  axial  velocities  of  the  large  droplets  wen  found 
to  be  lower  flian  those  of  the  small  droplets  and  independent 
of  injection  duration.  This  temporal  development  of  Sauter 
mean  diameters  and  size-velocity  nlationship  is  opposite  to 
that  measured  in  flie  fiee  unconfined  spny  by  Hardalupas  et  al 
(1990)  and  Posylkin  et  al  (1993).  The  temponi  develqiment 
of  flie  liquid  flux  shows  that  the  peak  has  been  displaced 
towards  trailing  edge  of  the  spray,  as  compared  with  Ims  delay 
after  the  spny  tip  arrival  in  the  fiee  unconfined  spny  of 
Posylkin  etal  (1993). 

The  differences  between  diancteristics  of  the  spny  at  flie 
exit  of  an  inlet  valve  and  these  of  the  firee  unconfined  spny  are 
likely  to  follow  fiom  the  impingement  of  incident  spny  on  the 


solid  suifiwes.  It  is  worth  noting  that,  to  avoid  inqiingement  on 
the  valve,  a  droplet  must  acquire  a  radial  conqionent  of 
velocity 


Figure  2;  Spny  injected  wifli  valve  open;  Axial  distribution  of 
mean  diameters,  axial  velocity  of  37pm  size  class,  flux  and  air 
velocity  vectors  for  valve  lifts  of  (a)  2mm  (b)  4inm  and  (c) 
6mm.  Y/D  =1.1 
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Figure  3:  Spray  injected  witfa  valve  open:  Effect  of  injection 
duration  on  mean  diameters  of  droplets  downstream  of  the 
inlet  valve.  Valve  lift  =  4mm;  Y/D  =  1.1;  Z/D  =  0.075. 
Diameters  averaged  over  injection  cycle. 


Figure  4:  Spray  injected  with  valve  open:  Temporal 
development  of  Sauter  mean  diameter,  axial  velocities  of  27. 
57  and  123pm  size  classes  and  liquid  flux  for  injection 
durations  of  4,  7  and  10ms.  Valve  lift  =  4mm;  Y/D  =1.1;  Z/D 
=  0.075 


from  the  air  in  the  valve  gap  and,  hence,  the  time  of  fli^t  from 
the  injector  to  the  valve,  tf  ,  must  be  lai^  compared  to  the 
Stokes  response  time,  x  =  r,  d,^  /  I8p, ,  where  r,  and  d,  are  the 
density  and  diameter  of  the  liquid  droplet  and  p,  is  the 
viscosity  of  air.  Thus  the  Stokes  number  S,  =  tf  /  x  should  be 
of  the  order  of  10,  Ingham  et  al.  (1990),  and  a  typical  value  of 
tf  is  about  3ms  for  the  present  experimental  arrangement,  so 
that  droplets  larger  than  20pm  are  incapable  of  satisfying  the 
Stokes  criterion.  This  suggests  that  more  than  90%  of  injected 
into  the  port  flux  will  impinge  on  stnfiices.  The  increase  in  size 
of  flie  droplets  emerging  from  the  valve  with  time  elapsed  from 
beginning  of  injection  could  occur  due  to  coagulation  as  more 
droplets  are  accelerated  towards  a  narrow  gap,  probably  with 
some  formation  of  a  liquid  film.  It  is  unlikely,  however,  that  a 


ctatinuous  and  stable  liquid  film  could  cov»  the  valve  head 
since  the  maximum  film  thickness  would  be  less  thm  20pm 
assuming  that  all  injected  fuel  remained  on  the  valve. 
Secondary  atomization  by  splashmg  would  result  in  an  even 
thinner  estimate  of  film  thickness,  as  argued  in  Appendix  A. 
and  would  be  unstable.  The  droplets,  produced  as  a  result  of 
impingement,  would  be  removed  by  the  co-flowing  air  to 
explain  the  temporal  development  of  the  emerging  spny,  figure 
4,  where  small  droplets  appeared  first.  With  increase  in 
injection  duration  and  time  elapsed  from  the  start  of  iiyection. 
impingement  of  droplets  could  occm  on  already  wetted 
surfiices  and  to  contribute  to  an  increase  of  the  mean 
diameters,  as  indicated  by  figures  3  and  4,  respectively.  It  is 
not  possible  to  deduce  from  the  above  results  the  relative 
contribution  of  the  drag  applied  by  the  co-flowing  air  on  films, 
as  with  injection  against  a  closed  valve,  and  the  following  sub¬ 
section  considers  this  by  introducing  the  fuel  entirely  as  a 
liquid  streams  on  the  surftce  of  the  valve  and  port  walls. 

3.2  Fuel  Introduced  on  the  Valve  and  Pott  Surfaces 


Figure  5  shows  the  effect  of  fiiel  flow  rate  when 
introduced  as  a  steady  liquid  stream  on  the  head  of  the  valve 
on  Sauter  mean  diameter,  axial  velocities  and  liquid  flux  of 
droplets,  and  the  spatial  distribution  of  these  parameters  will 
be  discussed  in  relation  to  figure  6.  Ihe  three  volumetric  flow 
rates  of  fuel  were  12,  27  and  42cc/min  and  corresponded  to 
those  introduced  by  injection  with  durations  of  5.  10  and 
ISms.  Increase  in  the  volumetric  fuel  flow  rate  caused  the 
integrated  flux  profiles  to  increase  in  pnqrortion  with  flie 
amount  of  fuel  supplied  but  hardly  affected  eiflier  the  axial 
velocities  and  Sauter  mean  diameters  of  the  droplets.  A  flitee- 
fold  increase  in  the  fuel  flow  rate  resufted  in  an  increase  of  less 
than  5%  in  the  Sauter  mean  diameter,  far  below  than  that 
predicted  by  the  relation  suggested  by  Ri^  and  Lefebvre 
(1980)  for  pre-filming  air  blast  atomizers.  Variation  in  the  fuel 
flow  rate  introduced  on  the  port  wall  resulted  in  similar 
independence  of  the  sizes  of  droplets  downstream  of  the  valve. 
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Figure  5:  Steady  liquid  stream  on  the  valve  head:  Ffifart  of  flie 
fuel  flow  rate  on  Sauter  mean  diameter,  axial  velocity  of 
147|im  size  class  and  liquid  flux.  Valve  lift  =  4mm;  Y/D  =1.1 
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Figure  6  shows  a  composite  of  spatial  distributions  of 
droplet  charactoistics  measured  with  liquid  streams 
introduced  on  the  valve  head  and  the  wall  surface  at  dififerent 
times.  The  volumetric  flow  rate  of  the  fuel  was  15cc/min  and 
similar  to  that  of  injected  fuel  with  a  duration  of  7ms  and 
fiequency  of  lOHz,  so  that  results  can  be  compared  with  these 
of  figure  2(b).  The  distributions  of  flux  showed  that  most  of  die 
spray  emerged  from  the  lower  edges  of  die  valve  and  seat 
bevels,  with  die  attached  arrows  indicating  the  flux  maxima 
whidi  were  located  at  Z/D  =  0.23  and  Z/D  »  0.03,  and  at 
angles  of  30”  and  40°  to  the  horizontal  axis,  respectively.  More 
than  90%  of  the  liquid  flux  emerged  as  droplets  with  Sauter 
mean  diameters  la^er  dian  200|im,  increasing  to  about  240|im 
at  locations  of  flux  maxima.  The  axial  velocities  at  these 
location  were  less  dian  4in/s  which,  considering  the  trajectory 
of  droplets,  led  to  the  mapiitude  of  velocity  vector  of  about 
6m/s  or  13%  of  diat  of  die  bulk  velocity  of  die  air  in  the  valve 
gap.  The  remained  fraction  of  the  flux  emerged  in  the  r^on 
around  Z/D  =  0. 13  as  smaller  droplets  with  hi^ier  velocities, 
possibly  due  to  the  stripping  of  the  liquid  upstream  of  the 
bevels. 


Figure  6:  Steady  liquid  stream  <m  the  valve  head  and  port  wall: 
Axial  distribution  of  Sauter  mean  diameter,  axial  velocity  of 
147pm  size  class  and  flux. 

Valve  lift  =  4mm;  Y/D  =1.1;  Fuel  flow  rate  =  13cc/min 


The  above  results  suggest  that  more  than  90%  of  fuel  was 
in  the  form  of  droplets  with  Sauter  mean  diameters  above 
200pm  which  were  swept  to  the  edges  of  the  valve  or  seat 
bevels  before  emerging  at  die  anj^es  of  these  surfiices  and  with 
velocities  which  were  comparatively  low  since  the  inteifiice 
occurred  at  the  intersection  of  liquid  and  air  boundary  layers. 
Thus,  injection  with  the  inlet  valve  closed  is  likely  to  imply 
that  the  initial  characteristics  of  the  spray  are  uninqwrtant  for 
the  droplets  at  the  exit  of  an  inlet  valve. 


4.  CONCLUSIONS 

The  following  is  a  summary  of  the  most  inqmrtmit 
findings- 

1.  Injection  with  the  inlet  valve  open  implied  reduetkm  of 
the  Sauter  mean  diameter  of  the  spray  from  130pm  to  around 
90pm  in  the  valve  curtahL  With  valve  lifts  larger  than  2nim. 
most  of  the  droplets  emerged  finm  the  r^on  close  to  die 
surfiice  of  the  valve  head  at  an  angle  of  about  23°  to  the 
horizontal  axis  and  for  the  2mm  lift  they  emerged  between 
angles  of  10°  and  70°.  The  nw^itiMin  of  velocity  vector  of 
emerging  droplets  was  around  20m/s  and  effect  the  flow  rate 
of  air  on  their  trajectory  and  size  was  small. 

2.  Injection  with  the  inlet  valve  open  led  to  mean 
diameters  which  increased  with  time  fixnn  the  b^mning  of 
injection,  and  larger  droplets  emerged  at  the  end  of  the 
injection  cycle  hicrease  in  the  duration  of  injection  from  3  to 
11ms  led  to  increase  in  the  Sauter  mean  diameter,  averaged 
over  the  injection  cycle,  from  73  to  100pm. 

3.  The  introduction  of  the  fiiel  as  liquid  streams  on  the 
valve  and  port  surfrKes  resulted  in  about  90%  of  die  flux 
emerging  from  edges  of  the  valve  and  seat  bevels  at  angles  of 
30°  and  40°  to  the  horizontal  axis,  respectively.  The  Sauter 
mean  diameters  at  locations  of  flux  maxima  were  around 
240pm,  almost  independent  of  die  fiiel  flow  rate,  with 
ma^iitude  of  velocity  vector  of  about  6m/s.  These  results  are 
likely  to  imply  diat  initisi  characteristics  of  the  spray  are 
unimportant  for  the  droplets  at  the  exit  of  an  inlet  valve  with 
injection  with  the  inlet  valve  closed. 


APPENDIX  A:  Estimate  of  siuftce  film  thickness  due  to  the 
impact  of  a  single  droplet. 

An  estimate  of  the  effect  of  impingement  by  the  single 
droplet  on  the  valve  head  on  the  thickness  of  developing  liquid 
film  can  be  obtained  finm  the  eneigy  balance  before  and  after 
the  impingement  and  as.suming  first  that  no  splaffiing  has 
occurred  and  that  the  evaporation  during  the  period  of  droplef  s 
shape  transformation  is  ne^gible. 

Before  the  impact  kinetic  and  surfiice  energy  of  the 
droplet  are  given  by: 

(1)  =ip,U"(-d,’) 

k,  2*^'  '6 

(2)  E,_»=*d,"o 

where  o  is  the  surfiice  tension  of  die  liquid  drop.  After  the 
impingement,  kinetic  energy  was  expended  to  transform  the 
droplet  into  a  disc  of  diameter  D  and  widi  suifiroe  energy 
(Chandra  and  Avedisian,  1991) 
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(3) 
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where  @,  defined  in  figure  Al,  is  the  u^e  between  the  solid 
siuftce  and  the  tangent  line  to  file  disk  fiont  and  is  dependent 
on  the  solid  sin&ce  temperature,  with  4-  ••  30“  for  the  surfice 
at  ambient  temperature  according  to  experimental  results  of 
Chandra  and  Avedisim  (1991). 

Hic  work  lo^  in  deforming  the  liquid  against  the  viscous 
forces  can  be  estimated  by  assuming  that  the  flow  of  eiqianding 
liquid  is  (me  dimensional,  the  volume  of  the  drop  is  equal  to 
the  volume  of  the  liquid  once  it  has  flattened  out  into  the  shape 
of  disc  and  file  time  over  which  the  expansion  takes  place  to  be 
equal  to  the  time  needed  for  the  droplet  of  height  h  to  go  fiom 
its  maximum  value  of  d|  to  zero  at  velocity  U.  Based  (m  the 
above  assumptitms  it  can  be  shown  that  the  work  lost,  W,  is: 


(4) 

8  d,^ 

From  energy  conservatiim  E,  +  E  =  W  +  E  the 

^  »i  *1  H 

expressirm  for  diameter  of  the  flattened  disc  D  yields: 


(5)  =  ,  I 

8  d,  4  12 


and  the  thickness  of  the  liquid  disc  t^  fiierefore  can  be  obtained 
fiom: 


(6) 


3d,^ 


For  the.  droplets  produced  by  a  pintle  injector,  with  a 
Sr.uter  mean  diameter  of  about  100pm  and  impinging  on  the 
valve  surfiice  with  velocities  between  20m/s  and  lOm/s, 
(Hardalupas  et  al.  1990),  the  thickness  of  the  developing  disc 
shaped  film  is  estinuted  to  be  4pm  and  6pm  respectively, 
based  (m  the  analysis  described  above.  It  is  unlikely  that  such 
a  thickness  could  be  sustained  in  practice  due  to  the 
instabilities  developed  in  the  shear  flow  at  both  liquid-solid 
and  liquid-air  interfiices  and  the  film  is  expected  to  be  unstable 
and  to  break-up  under  the  contracting  action  of  the  surfiice 
tensicm. 


Figure  Al:  Impingemefit  of  a  single  droplet  im  solid  surftce 
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ABSTRACT 

Experiments  have  been  carried  out  in  a  single-cylinder 
spark-ignition  engine  and  a  constant-volume  combustion 
chamber  to  investigate  various  aspects  of  lean-bum  combustion. 
The  engine  was  fuelled  with  gaseous  propane  at  equivalence 
ratios  of  0.7  to  0.9  and  operated  at  1000  rpm  with  two  in¬ 
cylinder  flow  conditions,  namely  quiescent  and  with  swirl 
generated  by  a  shrouded  valve,  whereas  the  constant-volume 
chamber  employed  a  secondary  injection  system  which  added  a 
small  amount  of  rich  mixture  in  the  vicinity  of  the  qsaik  plug, 
with  the  remainder  of  the  lean  mixture  premixed  with  overall 
equivalence  ratios  of  0.72,  0.39  and  0.34.  The  engine  results 
showed  an  improvement  on  the  cyclic  combustion  variations  in 
the  presence  of  swirl  but  with  limitations  imposed  by  very  lean 
mixtures  and  a  small  effect  from  the  piemixedness  of  the 
injected  fuel,  x^hile  those  obtained  in  the  constant-volume 
chamber  demonstrated  that  100%  ignitability  could  be  achieved 
even  at  equivalence  ratios  as  low  as  0.39  by  the  local  injectitm 
towards  the.  spark  plug  of  a  small  quantity  of  rich  mixture. 

1.  INTRODUCTION 

The  recent  trend  towards  manifold  fuel  injection  and  its 
arrangement  so  as  to  provide  stratification  of  the  air-fuel 
mixture  has  been  documented  in  several  references  including 
those  of  Quader  (1982),  Horie  et  al  (1992),  and  Kiyota  et  al 
(1992).  It  involves  injection  of  liquid  fuel  over  a  crank-ai^e 
interval  of  around  90  degrees,  in  either  a  sequential  or  parallel 
mode.  There  remains  considerable  uncertainty  about  the 
preferred  timing  not  least  because  measurements  of  the 
concentration  of  fuel  within  the  cylinder  at  the  tiiiK  of  ignition 
remain  small  in  number  and  of  uncertain  accuracy.  More 
information  is  available  of  the  immediate  consequences  of  port 
injection  as  a  result  of  experiments  such  as  those  performed  by 
Posylkin,  Taylor  and  Whitelaw  (1994)  artd  Vannobel,  Robart, 
Dementhon  and  Whitelaw  (1994)  which  show  that  the 
characteristics  of  the  spray  matter  little  except  where  injection 
takes  place  towards  an  open  inlet  valve.  In  this  case,  arul 
provided  the  spray  is  characterised  by  a  small  Sauter  mean 
diameter,  late  injection  with  a  fully  open  valve  nuy  be 


preferable  in  achieving  charge  stratification  by  avoiding  contact 
of  the  ^pray  with  the  sur&ces  of  the  port  and  cylinder  head.  On 
the  other  hand,  injection  against  a  closed  valve  is  preferred  in 
many  production  engines  and  it  is  evident  from  the  experiments 
conducted  so  far  that  injection  well  before  intake  valve  opening 
will  enhance  fuel  evaporation  with  a  number  and  size  of 
droplets  which  reduce  as  a  function  of  the  time  ^rent  within  the 
port  and  on  hot  solid  surfaces  from  which  they  can  more  easily 
evaporate.  Injection  towards  a  closed  valve  just  befrxe  valve 
(^rening  will  result  in  a  pnrportion  of  the  spray  taking  the  form 
of  wall  liquid  films  which  will  be  stripped  by  the  slower 
moving  air  stream  close  to  the  wall  as  tlm  valve  opens,  with 
consequent  large  and  low-velocity  droplets  rruking  up  rtXMt  of 
the  liquid  content 

The  results  and  deductions  summarised  in  the  previous 
paragraidi  provide  an  incomplete  picture  of  the  way  in  which 
the  fuel  enters  the  cylinder  as  a  conaequence  of  manifold 
injection  and  a  pessimistic  view,  at  least  in  the  short  term,  of 
the  possibility  of  relating  this  information  directly  to  the 
distribution  of  the  fuel  at  the  time  of  ignition.  The  experiments 
presented  in  this  paper  make  two  related  contributions  to 
understanding  the  consequences  of  fuel  injection  and  do  so 
specifically  in  the  context  of  lean  mixtures.  The  first  part  of  the 
investigation  was  conducted  in  a  single-cylinder  engine  with 
injection  of  gaseous  fuel  at  equivalence  ratios  of  0.7  to  0.9  and 
two  in-^linder  flow  conditions,  namely  quiescent  and  shroud- 
generated  swirl.  The  second  part  was  carried  out  in  a  constant- 
volume  chamber  in  which  a  amaH  proportion  of  the  total  fuel/air 
mixture  was  injected  towards  the  spark  plug  with  die  remainder 
of  the  mixture  premixed  with  overall  equivalence  ratios  of  0.72, 
0.39  and  0.34.  The  engine  results  showed  an  inqxovement  on 
the  cyclic  combustimi  variations  in  the  presence  of  swirl  but 
with  limitations  imposed  by  very  lean  mixtures  and  a  small 
effect  fipom  the  premixedness  of  injected  fuel.  Those  obtained  in 
the  constant-volume  chamber  demonstrated  that  100% 
ignitability  can  be  achieved  with  an  overall  equivalence  ratio  of 
0.39  and  local  mixture  stratification;  obviously,  this  rqxesents 
a  remote  target  for  port-injected  spark-ignition  engines  but 
every  effort  should  be  made  to  optimise  fuel  injection,  local 
flow  conditions  and  ignition  in  order  to  extend  the  present 
air/fuel  ratio  limit  of  2S  in  production  engines  even  ftirther. 
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2.  ENGINE.  CONSTANT-VOLUME  CHAMBER  AND 
INSTRUMENTATION 


The  smgle^yliiider  engme.  Fig.  1,  has  been  described 
previously  by  Vafidis,  Whitelaw  and  Xu  (1992),  Whitelaw  and 
Xu  (1993)  and  Whitelaw  and  Xu  (1994)  and  has  the 
characteristics  shown  on  Table  1.  It  was  designed  and 
ccmstructed  by  Centro  Richerche  Fiat  with  provision  for  qnical 
access  through  the  piston  and  through  two  windows  located  in 
the  cylinder  liner. 

Gaseous  propane  was  supplied  to  the  engine  at 
equivalence  ratios  of  0.7-0.9,  defined  in  terms  of  the  fuel  and 
air  charged  during  each  cycle  in  either  of  the  two  ways,  i.e., 
port  injection  or  premixed.  In  the  first  case,  a  specially  designed 
injector  was  located  at  a  position  typical  of  port-injecticm 
engines,  and  commenced  injection  at  30°  CA  after  TDC  of 
induction.  In  the  second  case,  propane  was  supplied  at  the  entry 
of  an  extended  manifold  of  0.6  m  length  at  a  steady  flow  rate, 
the  manifold  was  baffted  and  contained  wirewool  which  helped 
to  achieve  premixed  fuel  and  air  with  small  turbulent  scales. 

The  engine  was  operated  at  part  load  with  volumetric 
efficiency  (qv)  of  0.72,  in  skip  firing  mode  which  cmiixised 
five  firing  cycles  followed  by  ten  motored  cycles  in  order  to 
ensure  the  integrity  of  the  engine  optical  components,  and  the 
water  temperature  was  controlled  at  323*K  for  the  same  reason, 
Whitelaw  and  Xu  (1993)  showed  that  with  the  above  mixture 
preparation  system  the  first  firing'  cycle  tended  to  be  a  misfire 
and  the  second  a  fast-burning  cycle  caused  by  the  residual 
unbumed  fuel  from  the  first  cycle  so  that  the  results  discussed 
here  are  those  from  cycles  3, 4  and  S,  which  ate  believed  to  be 
representative  of  the  combustion  process  in  continuous  firing 
cycles. 


Table  1  Operating  characteristics  of  the  Fiat  research  engine 


Bore 

Stroke 

Connecting  rod  length 
Clearance  height 
Compression  ratio 
Inlet  valve  opens 
Inlet  valve  closes 
Exhaust  valve  opens 
Exhaust  valve  closes 
Engine  speed 
Mean  piston  speed 
Volumetric  efficieiKy 
Fuel  injection  starts 
Ignition 

Nominal  Equivalence  ratio 


79.5 

mm 

86.0 

mm 

145.0 

nun 

7.6 

nun 

10 

5° 

BTDC 

225° 

ATDC 

225° 

BTDC 

5° 

ATDC 

1000 

rpm 

2.87 

m/s 

0.72 

30 

°ATDC 

315-320 

°CA(MBT) 

0.7-0.9 

The  flow  generated  by  the  cylirukr  head  was  first 
characterised  in  a  steady  flow  rig  with  a  shrouded  intake  valve 
selected  to  alter  the  intake  flow  pattern.  The  velocity  and 
turbulence  levels  in  the  vicinity  of  the  spark  plug  at  the  time  of 
ignition  during  engine  operation  were  quantified  by  laser 
Doppler  velocimetiy  with  li^t  scattered  from  0.S6  pm  diameter 
zirconium  dioxide  particles  introduced  into  the  inlet  manifold. 

The  steady  flow  tests  showed  that  the  inlet  flow  in  the 
cylinder  was  symmetrical  about  the  diameter  of  the  intake  valve 
centre  (Whitelaw  and  Xu,  1993c)  in  the  case  of  the 
conventional  non-shrouded  intake  valve,  with  almost  zero  swirl 
(Table  2,  case  CV)  and  a  weak  tumble  motion  which  originated 
from  the  off-center  intake  valve  position,  with  a  tumble  vortex 


Figure  1  The  single  cylinder  research  engine  and  a  bottom  view  oftheounbustion  chamber. 
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Table  2  Characteristics  of  in-cylinder  flow 


Intake 

Valve 

CV 

sv-v 

Conf. 

HP 

SH 

mBsn 

mm 

m 

RS 

»0 

2.1 

TVRo 

0.58 

0.83 

Mean* 

Velocity 

0.35-0.4  Vp 

1. 4-2.1  Vp 

Rms* 

Velocity 

0.70-0.75  Vp 

0.90-1.0  Vp 

*  measured  at  the  location  of  the  spark  plug  gap,  310-330°CA 


ratio  TVRo  (Arcoumanis  et  al,  1990)  of  0.6.  With  the  shrouded 
intake  valve,  a  swirl  ratio  of  2. 1  was  generated  by  aligning  the 
shroud  bisecting  line  perpendicular  to  the  cylinder  diameter 
through  the  intake  valve  centre  and  the  tumble  motion  was  also 
enhanced  (Table  2,  case  SV-S).  The  swirl  inclination  angle  was 
calculated  to  be  approximately  20  deg,  compared  with  the  30-4S 
deg  found  to  be  most  beneficial  in  the  four-valve  pent-roofed 
Toyota  lean  bum  engine  (Furuno  et  al,  1992). 

Velocity  measurements  obtained  at  the  location  of  the 
spark  plug  gap  in  the  motored  engine,  supported  the  results  of 
the  steady  flow  tests  and  are  summarised  briefly  in  Table  2, 
which  indicates  that  flow  field  in  the  cylinder  at  the  time  of 
ignition  with  the  non-shrouded  valve  (case  CV)  was  nearly 
quiescent  with  turbulence  levels  of  0.7-0.75  Vp.  For  the 


shrouded  valve  (case  SV-S),  the  convection  velocity  in  the 
vicinity  of  the  spark  plug  was  1.4-2. 1  Vp,  or  4-6  m/s,  which  is 
close  to  the  3-5  m/s  recommended  by  Pischinger  and  Heywood 
(1991).  The  turbulence  intensity,  represented  by  the  spatially- 
averaged  nns  velocities,  was  0.9-1 .0  Vp,  i.e.,  about  30  %  higher 
than  that  with  the  non-shrouded  valve. 

The  constant-volume  chamber  is  that  previously  described 
by  Arcoumanis  and  Bae  (1992)  and  by  Arcoumanis,  Hull  and 
Whitelaw  (1994)  and  is  shown  in  Fig.  2  together  with  the 
mechanical  device  which  allowed  the  injection  of  a  small 
quantity  of  a  mixture  of  propane  and  air  with  slightly  rich 
concentration  into  the  chamber.  The  volume  of  the  vessel  is  59 
cm^  and  is  equipped  with  two  ports  for  the  introduction  of  the 
mixture,  a  port  for  the  spark  plug  and  windows  which  allow 
observation  of  the  flame  kernel  and  its  propagation.  The 
consequences  of  gas  motion,  caused  by  the  tangential  entry  of 
the  mixture  and  the  time  allowed  for  the  flow  to  transcend  to 
quiescent  state,  were  quantified  by  Arcoumanis  and  Bae  ( 1 992). 
Here  a  mixture  of  propane  and  air  with  an  equivalence  ratio  of 
1.1  and  a  volume  of  10  cm^  was  injected  through  one  of  the 
ports  towards  the  spark  plug  at  times  corresponding  to  those  of 
Arcoumanis  and  Bae  (1992)  and  with  the  duration  of  injection 
as  a  variable.  The  mixture  was  ignited  with  a  conventional 
spark  plug  of  1.6  ms  duration  and  15  mJ  energy  output  (NGK 
BPR5ES)  using  a  commercial  automotive  ignition  system. 

The  present  investigation  focuses  on  ultra  lean  air-fuel 
ratios  between  22  and  54,  corresponding  to  equivalence  ratios 
from  those  of  the  engine  0.7-0.9  down  to  0.29,  where  this  is 
defined  in  terms  of  the  total  quantity  of  fuel  and  air,  that  is  the 
content  of  the  initially  quiescent  mixture  plus  that  of  the  rich 
local'  jet.  Results  are  presented  in  terms  of  ignitability,  time  to 
bum  as  deduced  from  the  pressure  signal,  and  mass  fraction 
burned  and  are  complemented  by  photographs  of  the 
propagation  of  the  flame  front  which  were  obtained  with  a 
single-shot  shadowgraphy  system. 
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Figure  2  Diagram  of  the  constant-volume  combustion  chamber. 
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3.  RESULTS  AND  DISCUSSION 


Fig.  3  shows  typical  pressure  traces  in  the  Fiat  engine  {or 
mixtures  of  equivalence  ratio  0.9  and  0.7,  with  each  represented 
by  IS  cycles.  Conqmred  with  the  case  of  4=0.9,  the  burning  rate 
with  the  leaner  mixture  was  slower  with  the  maximum  pressure 
reduced  by  approximately  3S%.  Cyclic  variations  appear  to  be 
mme  evident  at  the  later  stages  of  the  combustion  process  for 
the  leaner  mixture,  in  support  of  the  suggestion  of  Stone  et  al 
(1992)  that  the  indicated  mean  effective  pressure  (IMEP) 
should  be  itKluded  in  the  evaluation  of  the  cyclic  variability,  as 
shown  in  Fig.  4.  With  the  leaner  equivalence  ratio,  the  ^iread 
of  the  peak  pressure  decreases  with  its  mean  magnitude,  and 
the  relative  deviation  increases  rapidly.  Fig.  4a.  The 
equivalence  ratio  at  which  the  relative  peak  pressure  spread 
reaches  10%  is  about  0.8  and  0.7S  for  the  no  swirl  case  and 
swirl  case,  respectively.  IMEP,  whidi  defines  the  indicated 
work  per  cycle,  has  a  direct  relationship  with  engine  torque  and 
vehicle  driveability  problems  usually  result  whmi  cov^ 
exceeds  about  10%  (Heywood,  1988).  Fig.  4b  shows  that  the 
cyclic  variability  of  IMEP  deteriorates  rapidly  for  lean  mixtures 
especially  for  equivalence  ratios  lower  than  0.8  and  reaches 
10%  at  an  equivalence  ratio  of  about  0.73  without  swirl  and 
0.68  with  swirl.  Therefore,  IMEP  seems  to  provide 
complementary  information  about  the  lean  limit  to  that  of  the 
peak  cylinder  pressure. 

It  is  well  known  that  the  influence  of  mixture  preparation 
on  combustion  is  more  important  for  lean  mixtures  (Peters  and 
Quader,  1978),  but  the  extent  of  its  effect  seems  to  vary  from 
one  engine  to  another.  The  cyclic  variations  measured  with  the 
homogenous  premixed  mixture  in  the  extended  manifold,  Fig.S, 
are  little  different  from  those  with  port  fuel  injection. 


Figure  3  Typical  ii^cyliiMler  pressure  traces  of  lean 
combustion  with  equivalence  ratio  of  0.9  and  0.7 
(n=1000  rpm,  qv=0.72,  no-swirl). 

especially  in  the  presence  of  shroud-generated  swirl.  This  is 
because  the  cyclic  variability  in  the  Fiat  engine  seems  to  be 
dominated  by  other  fiustors  such  as  the  velocity  fluctuations  and 
residual  gas  dilution. 

It  is  evident  from  the  above  results  that  an  improvement 
in  the  combustion  of  lean  mixtures  for  this  engine  can  be 
achieved  by  introducing  swirl  but  not  beyond  an  equivalence 
ratio  of  0.68,  corresponding  to  an  air-ftKl  ratio  of  23.  With 
gaseous  friel  there  is  also  very  little  possibility  of  achieving 
dtarge  stratificafron  at  the  time  of  ignition  even  if  it  were 
known  that  stratification  is  necessary  to  improve  operation  with 
very  lean  mixtures.  With  liquid  fuel  and  port  injection,  attempts 
have  been  made,  to  achieve  stratification  as  for  example  by 
Quader  (1982),  Vannobcl  et  al  (1994)  and  Posylkin  et  al  (1994) 


Figure  4  The  cyclic  variations  of  peak  pressure  (a)  and  IMEP  (b)  of  the  engine  as  a 
function  of  mixture  equivalence  ratio,  with  the  conditions  of  no  swirl  and  swirl 
(n*10(X)  rpm,  qv=0.72). 
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Figure  5  Consequence  of  nuxture  preparation  as  cyclic  vanations  (n=1000 
rpm,  tiv=0.72,  ^.7). 


(b) 


to  distribute  vaporised  fuel,  small  droplets  and  large  droplets  by 
taking  advantage  of  large  scale  motions  such  as  swirl  and 
tumble,  even  if  the  degree  of  stratification  of  the  vaporised  fuel 
at  the  time  of  ignition  is  a  matter  for  conjecture.  For  gaseous 
fuels,  the  stratification  of  the  charge,  if  there  is  any,  is  mainly 
presented  as  heterogeneous  rich  mixture  pockets  resulting  from 
incomplete  premixedness  due  to  the  physical  properties  of  the 
gas  (Zhao  et  al,  1994),  and  the  subsequent  influence  on 
combustion  is  relatively  small.  An  alternative  approach  is  to 
maintain  a  homogeneous  lean  charge  as  in  the  present  engine 
experiment  and  to  add  a  small  quantity  of  a  richer  mixture  close 
to  the  spark  plug  at  the  time  of  ignition. 

This  alternative  approach  of  direct  fuel  injection  locally 
towards  the  spark  gap  has  been  examined  by  Arcoumanis,  Hull 
and  Whitelaw  ( 1 994)  in  the  constant-volume  chamber  and  it  has 
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(a)  Overall  improvement  at  (I)o=0.72 
(Injection:  180°  orient,  1mm  port,  Un,=8m/s, 
T=120°C,  Pi=6bar,  injection  in  driection  of  bulk 
flow,  w=lmm,  lOcc  injected.  No  injection:  0° 
orient,  u^jj=22m/s,  T=120°C,  w=ltnm,  Pj=6bar) 


been  shown  that  100%  ignitability  can  be  achieved  with  an 
overall  equivalence  of  0.39  when  15  %  of  the  fuel  is  injected  as 
a  mixture  of  equivalence  ratio  1.1  over  a  period  of  1 10  ms  in 
the  vicinity  of  the  spark  plug  and  with  the  remamder  of  the 
fuel/air  mixture  at  an  equivalence  ratio  of  0.25.  Fig.  6  shows 
the  variation  of  gas  pressure  with  time  for  four  overall 
equivalence  ratios  and  in  one  case  without  local  injection  of  the 
small  quantity  of  rich  mixture.  It  is  evident  that  the  ignitability 
falls  off  rapidly  below  an  equivalence  ratio  of  0.39  although  this 
value  may  be  further  reduced  by  more  careful  optimisation  of 
the  rich  mixture  injection.  Also,  the  maximum  pressure  is 
considerably  enhanced  by  the  rich  charge  even  at  an 
equivalence  ratio  of  0.72  and  it  can  be  conjectured  that  this  is 
due  to  an  improvement  in  the  stability  of  the  flame  kernel  and 
in  the  consistency  of  its  growth. 


Time  to  Burn  (meee) 

(b)  Improvement  in  Lean  Limit 
(T=120°C,  w=lmm,  Pj=6bar,  180°  orient) 


Figure  6  Pressure  traces  from  the  combustion  chamber  with  and  without  local 
stratification  of  the  charge. 
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Figure  7  Shadowgraphs  of  flame  kerne!  growth  in  the  constant  volume 
chamber  (a)  <(1=0  72,  no  additional  injection:  (b)  it>=0  72.  with  local  injection, 
(c)  (t>=0  39,  with  mjection 


The  photographs  of  Fig.  7  confirm  the  conjecture  of  the 
previous  paragraph  in  that  the  growth  of  the  flame  kernel  tn  the 
case  of  local  nch  mixture  mjection  is  greatly  enhanced  dunng 
the  initial  stage  of  combustion  and  produces  a  more  convoluted 
flame  front  in  the  two  cases  presented,  corresponding  to  overall 
equivalence  ratios  of  0.72  and  0.39. 

CONCLinOlNG  REMARKS 

Expenments  in  a  single-cyliiider  spark-igmtion  ongme 
with  gaseous  port  fuel  injection  and  in  a  constant-volume 
chamber  with  secondary  direct  mixture  injection  towards  the 
spark  plug  revealed  the  following; 

1.  The  high  convection  velocity  and  fluctuation  intensity 
in  the  engme  with  shroud-generated  swirl  resulted  m  fast 


bummg  rates  which  sustained  less  cyclic  vanations  ot 
combustion  with  the  COV„„5p  reduced  by  approximately  30% 
The  lean  bum  limit  at  which  the  COVimep  reached  10%  was 
extended  from  an  equivalence  ratio  of  about  0.73  without  swirl 
to  0.68  with  swirl. 

2.  With  gaseous  port  fuel  injection,  the  influence  of  fuel 
preparation  on  the  combustion  cyclic  variability  was  small  and 
the  effect  of  stratification  not  evident,  which  prevented  further 
extension  of  the  lean  bum  limit  by  means  of  intake-generated 
swirl 

3.  The  expenments  performed  m  the  constant-volume 
combustion  chamber  showed  the  clear  advantages  of  the  local 
mjection  near  the  spark  plug  of  a  small  quantity  of  slightly  rich 
mixture  mto  a  mixture  of  very  low  overall  equivalence  ratio. 
The  lean  limit  has  been  extended  to  0.39  ith  100%  ignitability 
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and  even  greater  improvements  seem  possible  with  further 
optimisation  of  the  position  of  the  rich  mixture  relative  to  the 
electrode  orientation  and  of  injection  duration  relative  to  the 
spark  timing  and  ignition  energy  distribution. 
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ABSTRACT 

The  in-cylinder  flow  field  of  a  loop-scavenged,  two-stroke 
engine  has  been  characterized  using  laser  Doppler  velocimetry. 
The  radial  component  of  gas  velocity  was  measured  along  die 
axis  of  the  cylinder  for  both  motored  and  fired  operation. 
Measurements  were  obtained  under  conditions  simulating  both 
crankcase  and  external  blower  driven  scavenging.  Mean  profiles 
of  the  radial  velocity  show  marked  differences  in  the  global  flow 
structure  between  motored  and  fired  operation  for  both 
scavenging  methods.  These  differences  persist  throughout  the 
scavenging  process  and  survive  compression  of  the  fresh  charge. 
Root  mean  square  (rms)  velocity  fluctuations  near  TDC  were 
also  determined,  and  significant  differences  between  motored 
and  fired  operation  are  observed.  The  rms  fluctuations  are  fcwnd 
to  correlate  well  with  the  mean  shear  during  compressitm. 


L  INTRODUCTION 

The  experimental  investigation  of  the  in-cylinder  flow 
field  in  an  internal  combustion  engine  is  often  performed  under 
motored  conditions  for  a  variety  of  reasons.  Early  studies 
employing  hot-wire  anemometry  to  measure  the  fluid  velocity 
were  obviously  restricted  to  motored  operation  due  to  the 
inability  of  the  probe  to  survive  the  harsh  combustion 
environment.  Similarly,  engine  simulation  rigs  used  for  research 
purposes  are  often  not  designed  to  withstand  fired  operation. 
Because  of  significant  experimental  advantages,  studies  under 
motored  conditions  continue  to  be  made  despite  the  use  of 
optical  diagnostic  methods  in  engines  capable  of  fired  operation. 
Principally,  concern  over  the  survival  of  the  windows  which 
allow  optical  access  into  the  cylinder  motivates  this  tendency  to 
avoid  fired  operation.  Under  fired  conditions,  peak  in-cylinder 
pressures  and  temperatures  ate  considerably  higher  than  under 
motored  conditions,  and  the  mechanical  and  thermal  stress 
induced  on  the  windows  is  correspondingly  higher.  In  addition, 
the  windows  tend  to  foul  more  rapidly  with  combustion, 
necessitating  their  frequent  removal  for  cleaning.  Finally,  for 
most  optical  velocimetry  techniques,  it  is  necessary  to  intr^uce 
seed  particles  into  the  flow  in  order  to  obtain  the  measurement. 
If  measurements  ate  desired  throughout  the  engine  cycle,  these 
particles  must  survive  the  combustion  process.  This  requirement 
precludes  the  use  of  many  non-abrasive  or  low-density  particles, 
such  as  oil  droplets  or  latex  spheres.  The  commonly  used 
refractory  particles  present  additional  concerns — notably  the 
difficulty  of  dispersing  dry  powders,  the  corrosive  by-products 


associated  with  chemical  methods  of  generating  particles,  and 
increased  engine  wear  due  to  abrasion. 

Although  obtaining  velocity  measurements  in  a  motored 
engine  is  considerably  easier  than  obtaining  the  corresponding 
fired  measurements,  it  is  not  clear  that  the  motored  data  provide 
an  accurate  representation  of  the  flow  field  under  firing 
conditions.  Studies  comparing  motored  and  fired  data  in  a  four- 
stroke  cycle  engine  have  observed  large  differences  in  both 
mean  velocities  (e.g.,  Baritaud  et  al.  (1986))  and  turbulent 
intensities  (e.g.,  Witze  et  al.  (1989))  betvreen  motored  and  fired 
operation.  Because  engine  performance  in  two-stroke  cycle 
engines  is  strongly  influenced  by  the  scavenging  process, 
accurate  knowledge  of  the  mean  flow  during  scavenging  is, 
arguably,  of  greater  importance  than  knowledge  of  the  mean 
flow  field  in  a  four-stroke  engine.  There  are  several  factors  that 
may  be  expected  to  cause  differences  in  the  mean  scavenging 
flow  field  between  motored  and  fired  operation.  Perhaps  of 
greatest  importance  is  the  difference  in  fluid  properties  of  the 
ftedi  mixture  aitd  the  residual  gas  in  the  combustion  chaitiber. 
Under  fired  operation,  the  jets  of  ftesh  charge  issuing  from  the 
intake  ports  typically  have  a  density  60%  higher  than  the 
residual  gas  (Blair,  1990).  Similariy,  the  viscosity  of  the  residual 
gas  is  over  twice  that  of  the  fresh  charge.  With  motored 
operation,  the  'residual'  gas  may  actually  be  cooler  than  the  fresh 
charge  due  to  heat  transfer  during  the  compression  and 
expansion  portions  of  the  cycle.  Concomitantly,  the  fresh  charge 
is  characterized  by  a  lower  density  aixl  higher  viscosity  than  the 
residual  gas.  Clearly,  conditions  for  the  dyiuuttical  similarity  of 
the  motored  and  fired  flow  fields  are  not  satisfied.  In  addition, 
pressure  waves  in  the  exhaust  and  intake  manifold  are  Imown  to 
affect  the  scavenging  flows.  Under  fired  conditions,  both  the 
magnitude  and  phasing  of  these  pressure  waves  can  differ  from 
motored  conditions;  consequently,  the  scavenging  flow  fields 
may  differ  as  weU. 

Experimental  studies  comparing  motored  and  fired  flow 
velocities  in  the  intake  and  exhaust  passages  of  a  Schnfitle 
(loop)  scavenged,  two-stroke  engine  have  been  performed  by 
Dteda  et  al.  (1991)  and  Ohita  et  al.  (1993).  These  studies  report 
large  differences  in  both  the  magnitude  arid  phasing  of  the  peaks 
in  velocity.  Obokata  et  al.  (1987,1988)  have  measured  mean 
velocities  and  turbulence  intensities  insi^  the  clearance  volume 
of  a  modified  Schniirle-scavenged  motorcycle  engine.  Mean 
velocities  were  found  to  be  strongly  depentent  on  whether  or 
not  the  engitK  was  fired,  although  turbulence  intensities  and 
characteristic  time  scales  near  the  time  of  ignition  were  not 
found  to  vary  significantly  between  motored  and  fired  operation. 
None  of  th^  previous  studies  reported  measurements  of  the 
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flow  field  in  the  volume  swept  by  the  piston,  which  largely 
detetroines  the  effectiveims  of  the  scavenging  process. 

In  this  paper  we  report  in-cylinder  velocity  measurements 
obtained  in  the  controlled  environment  of  a  single-cylinder, 
Schnilrle-scavenged  research  engine.  The  intent  of  this  work  is 
to  identify  large-scale,  global  differences  in  the  scavenging  flow 
fields  associated  with  motored  and  fired  operation. 
Measurements  are  repotted  for  simulations  of  both  blower  and 
crankcase  scavenging  to  illustrate  the  relative  sensitivity  of  each 
scavenging  method  to  the  mode  of  operation.  Because 
turbulence  levels  at  the  time  of  ignition  can  signiflcantly  affect 
combustion  performance,  and  because  the  generation  of 
turbulence  is  determined  by  the  mean  shear,  we  also  examine 
differences  in  rms  velocity  fluctuations  during  the  compression 
process  for  both  modes  of  operation. 


Tdilel  Engine  Qiaracteristics 


TVpc: 

Bote; 

Stroke; 

Clearance  Height; 
Comp.  Ratio  (Geom.); 
Comp.  Ratio  (Eff.); 
Intake  Port  Opens; 
Intake  Pott  Closes; 
Exhaust  Port  Opens; 
Exhaust  Pott  Closes; 


Singte  cylinder,  two  stroke 
w/  piston-controlled  potting 
94.4  mm 
93.3  mm 
9.S  mm 
11.0 
6.0 

120  CAD 
240  CAD 
90  CAD 
270  CAD 


1  EXPERDHENTAL  DESdUPTION 
2.1  Engiiie 

The  engine  used  in  this  study  is  a  modified  Cooperative 
Lubrication  Research  (CLR)  engine,  in  which  the  head  was 
removed  and  replaced  by  an  extended  cylinder  assembly  (Fig.  1) 
containing  a  liner  with  intake  and  exhaust  port  openings.  An 
extended  piston  was  mounted  to  the  top  of  the  CLR  piston.  The 
intake  transfer  passages  and  port  geometries  were  designed  to 
impart  a  Schniirie-loop  directional  characteristic  to  the  flow  as  it 
enters  the  cylinder  through  the  scavenge  ports.  The  cylinder 
head  supported  a  window  located  above  a  pancake  shaped 
combustion  chamber  of  the  same  diameter  as  the  cylinder  bore. 
To  reduce  the  maximum  flame-travel  distance  across  the 
combustion  chamber,  the  spark  plug  was  mounted  in  the  center 
of  the  piston  crown.  An  AVL  Model  (2C42D-E  piezo-electric 
pressure  transducer  was  mounted  in  the  head  to  monitor  the  in¬ 
cylinder  pressure,  and  the  crankshaft  was  instrumented  with  a 
shaft  encoder  with  O.S  crank  angle  degree  (CAD)  resolution. 
The  important  geometric  characteristics  of  the  engine  are 
summarized  in  Table  1. 

The  engine  operating  conditions  used  in  this  study  are 
summarized  in  Table  2.  To  achieve  realistic  scavenging 
conditions  while  reducing  the  thermal  loading  of  the  window, 
we  adopted  a  "burst-fired"  ignition  strategy,  wherein  the  engine 
was  fired  on  13  consecutive  cycles  followed  by  27  consecutive 
cycles  of  motored  operation.  The  first  cycles  of  the  fired  burst 
exhibited  transients  in  the  mean  peak  cylinder  pressure  and  in 
the  crank-angle  of  peak  pressure.  By  the  tenth  cycle,  however, 
the  statistics  of  p^  pressure  and  the  crank  angle  of  peak 
pressure  had  converged  to  relatively  constant  levels,  indicating 
that  quasi-steady  conditions  of  fired  operation  had  been  reached. 
Velocity  measurements  were  therefore  obtained  from  the 
scavenging  portions  of  cycles  9-13,  for  a  total  of  5 
representative  fired  cycles  per  burst.  Measurements  of  twenty 
such  bursts  were  obtained  for  a  total  of  100  engine  cycles.  The 
motored  velocity  measurements  were  also  obtained  over 
approximately  100  engine  cycles. 

The  engine  configuration  described  above  was  used  for 
both  the  crankcase  and  blower  scavenging  methods.  To  simulate 
blower  scavenging,  fresh  mixture  was  supplied  through  a  critical 
orifice  to  large-diameter  supply  lines  which  served  as  a  high- 
volume  plenum.  Pressure  fluctuations  due  to  wave  dynamic 
effects  were  damped  by  elbows  and  a  honeycomb  section  in  the 
supply  lines;  the  pressure  at  the  intake  ports  was  thus  maintained 
at  a  reasonably  constant  level  throughtmt  the  time  that  the  intake 
ports  were  open.  To  simulate  crankcase  scavenging,  the  orifice 


Tabfe2  Engme  Operating  O)nditions 


Engine  speed; 

Fuel ; 

Equivalence  Ratio; 
Delivery  ratio; 
Firing  strategy; 
Firing  sequence; 


800  RPM 

Propane  (homogeneous  dunge) 

1.0 

0.3  -  0.8S  (variable) 

Burst  fired 
13  cycles  fired 
27  cycles  motored 


Ignition  timing  (1st  fired  cycle);  7.3  BTC 
Ignition  timing  (other  cycles);  22.3  BTC 


Extended 
Piston 

Intake 
Transfer 
Passage 


CLR 
Piston 


Exhaust 

Transfer 

Passage 


Extended 

Cylinder 

Assembly 


CLR 

Crankcase 


Figure  1  Two-stroke  optical  research  en^ne. 
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metering  the  How  into  the  plenum  was  removed,  and  a  second 
orifice  inserted  between  the  plenum  and  the  intake  manifold 
(Fig.  2).  In  this  case,  the  flow  into  the  manifold  caused  an 
increase  in  the  pressure  at  the  ports  while  the  intake  ports  were 
closed.  Upon  opening  of  the  intake  ports,  the  gas  in  the  manifold 
was  rapidly  discharged  into  the  cylinder,  simulating  the  initial 
blowdown  period  of  a  crankcase  scavenged  engine.  For  the 
remaining  portion  of  the  scavenging  process,  the  mass  flow  rate 
through  the  intake  ports  was  low  due  to  the  restriction  of  the 
orifice.  The  volume  of  the  intake  manifold  was  tailored  to  obtain 
an  intake  port  pressure  history  typical  of  crankcase  scavenging. 
Additional  details  of  the  engine,  its  operation,  and  the 
simulation  of  blower  and  crankcase  scavenging  are  described  by 
Miles  et  al.  (1994). 


2,2  Laser  Doppler  Velodmetry  (LDV) 

Measurements  of  the  in-cylinder  radial  velocity 
component  were  obtained  with  a  custom-built  fiber-optic  LDV 
probe.  In  the  configuration  used  in  this  work,  a  310  mm  focal 
length  transmitting  lens  focused  the  beams  to  measured  waist 
diameters  of  52)1  m  at  the  LDV  probe  volume.  Such  tightly 
focused  waists  were  required  in  order  to  obtain  sufficient  signal 
levels  with  the  backscatter  collection  geometry  employed.  The 
beam  spacing  in  the  probe  head  was  SO.O  mm,  giving  a  fringe 
spacing  of  3.21  pm  with  the  green  line  (S14.S  nm)  of  an  Argon 
ion  laser.  A  differential  frequency  shift  of  10  MHz  was  used, 
and  the  Doppler  signals  were  band-pass  filtered  between  2  and 


SO  MHz  for  a  measurement  bandwidth  of  -2S  to  130  m/s.  The 
filtered  signals  were  processed  with  a  counter  type  processor 
(TSI  199<Xr),  which  was  operated  in  a  single-measurement-per- 
burst  mode  and  set  to  count  the  time  for  8  fringes  with  a  1% 
validation  criterion.  Velocity  data  and  simultaneous  crank  angle 
readings  were  transferred  to  a  laboratory  computer  using  a 
DOSTEK  I4(X)A  interface. 

Measurements  of  the  radial  component  of  velocity  were 
obtained  along  the  cylinder  centerline  at  12  axial  locations 
spaced  8.0  mm  apart.  The  uppermost  measurement  location  was 
4.0  mm  below  the  inner  surface  of  the  window,  and  the  lowest 
location  was  approximately  13  mm  above  the  piston  crown  at 
bottom  center,  liie  axial  coordinate  z  identifying  these  locations 
has  its  origin  at  the  inner  surface  of  the  win^w.  The  measured 
radial  component  of  velocity  lies  in  the  plane  of  symmetry 
defined  by  the  cylinder  port  geometry;  this  plane  is  shown  by 
the  dashed  line  in  Fig.  2.  Velocities  in  this  plane  are  identified  as 
positive  when  the  flow  is  towards  the  exhaust  port.  The 
velocity/crank-angle  pairs  obtained  were  sorted  by  crank  angle 
into  bins  2  CAD  wide  for  computation  of  the  velocity  statistics. 
Results  are  reported  only  for  those  data  obtained  when  the 
distance  from  the  probe  volume  to  the  ground  electrode  of  the 
spark  plug  exceed^  3.6  mm  or.  equivalently,  7.0  mm  from  the 
piston  crown.  Due  to  noise  associated  with  light  scatieted  from 
these  surfaces,  the  data  obtained  closer  to  the  piston  are  not 
considered  to  be  reliable. 

LDV  seed  particles  were  generated  from  the  high- 
temperature  thermal  decomposition  of  titanium  tetra- 
isopropoxide  (TTIP),  using  an  apparatus  similar  to  that 
described  by  Okuyama  et  al.  (1986).  Although  we  have  not  yet 
characterized  the  output  of  the  seeder,  we  were  able  to  obtain 
large,  relatively  stable  quantities  of  TiOj  with,  judging  from  the 
LDV  signal,  a  reasonably  narrow  size  distribution.  As  seen  in 
Rg.  3,  the  seeder  is  a  simple  device  wherein  nitrogen  gas  is 
passed  over  a  heated  pool  of  liquid  TTIP  in  a  closed  evaporator, 
such  that  the  gas  leaving  the  evaporator  is  saturated  with  TTIP 
vapor.  The  mixture  then  passes  through  a  high  temperature 
reactor  where  the  decomposition  reaction  takes  place.  It  is 
important  to  ensure  that  the  reactor  temperature  remains  high 
enough  and  the  mixture  residence  time  long  enough  to  react  the 
greater  part  of  the  TTIP  vapor.  Otherwise,  condensation 
downstream  tends  to  cause  flow  blockage.  This  seeder  has 
several  important  advantages;  1)  the  Ti02  particles  are  well 


Figure  2  Plan  view  of  the  port  layout  and  manifolding. 


Figure  3  LDV  seed  particle  generator 
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dispersed  and  further  agglomeration  can  be  minimized  by  the 
ad^tion  of  diluents  downstream  of  the  seeder:  2)  particle  size 
appears  to  be  controllable  via  TTIP  vapor  concentration  and/or 
residence  time  in  the  reactor;  3)  chemical  by-products  of  the 
decomposition  reaction  are  relatively  innocuous — H2O  and 
CaHg;  4)  the  seeder  can  operate  at  extremely  low  flow  rates;  5) 
the  seeder  can  be  designed  to  dispense  seed  into  high  pressure 
systems;  and  6)  by  substituting  the  appropriate  metal  alkoxidc 
feedstock  it  may  also  be  possible  to  produce  suitable  AI2O3  and 
SiC)2  particles.  At  present,  the  major  disadvantage  appears  to  be 
plugging  of  the  tubing  between  the  evaporator  and  the  reactor 
after  a  few  hours  of  operation.  We  are  encouraged  by  our 
experiences  with  this  type  of  seeder  and  believe  that  it  warrants 
further  devp’  u. 


1  RESULTS  AND  DISCUSSION 

A  comparison  of  the  mean  radial  velocity  profiles  under 
motored  and  fired  conditions  is  presented  for  both  crankcase  and 
blower  scavenging,  for  a  single  delivery  ratio  of  0.6.  For 
organizational  purposes,  the  cycle  is  divided  into  periods  which 
are  discussed  separately;  cylinder  blowdown,  90-120  CAD; 
early  scavenging,  120-1S0  CAD;  mid-scavenging,  lSO-210 
CAD:  late  scavenging,  210-270  CAD;  and  compression,  270- 
360  CAD. 

3.1  Mean  Velocity  Profiles  -  Crankcase  Scavenging 

The  crankcase  scavenged  radial  velocity  profiles  during 
blowdown  at  selected  crank  angles  are  shown  in  Fig.  4.  The 
profiles  are  quite  different  throughout  the  blowdown  period,  as 
might  be  expected.  Early  in  the  blowdown  period,  at  100  CAD, 
the  fired  velocity  profiles  show  a  strong,  positive  flow  toward 
the  exhaust  port.  As  the  blowdown  period  progresses,  the 
positive  flow  rapidly  reverses  and  a  negative  radial  velocity  is 
established  along  much  of  the  cylinder  centerline.  This  negative 
velocity  is  likely  caused  by  a  backflow  from  the  exhaust 
manifold  into  the  cylinder  due  to  the  cylinder  volume  expansion 
associated  with  piston  motion,  and  persists  until  the  intake  ports 
open  (IPO)  and  the  scavenging  process  begins.  In  contrast,  the 
motored  profile  shows  a  pronounced  in-flow  at  100  CAD,  again 
due  to  a  backflow  from  the  exhaust  manifold.  These  negative 
velocities,  however,  are  much  larger  than  those  seen  at  later 
crank-angles  for  fired  operation.  Later  in  the  blowdown  process, 
negative  velocities  persist  in  the  central  and  upper  portion  of  the 
cylinder,  but  a  positive  flow  is  established  near  the  piston  top. 
By  1 10  CAD  a  tumble  vortex,  rotating  counter-clockwise  flom 
the  point  of  view  of  Fig.  4,  appears  to  have  been  established  in 
the  lower  portion  of  the  cylin^r.  This  apparent  tumble  motion 
changes  little  until  IPO. 

During  the  early  portion  of  the  scavenging  process 
(Fig.  5),  the  fired  mean  velocity  profiles  rapidly  become  positive 
in  the  upper  portion  of  the  cylinder,  such  that  the  flow  is 
characterized  by  a  dominant  tumble  vortex  rotating  clockwise 
(130  CAD).  The  velocities  near  the  top  of  the  cylinder  continue 
to  increase,  and  the  center  of  the  tumble  motion  moves  toward 
the  piston  top,  until  a  positive  radial  flow  has  been  estidilished 
along  the  entire  centerline.  By  140  CAD,  this  positive  flow 
profile  is  of  nearly  uniform  magnitude.  The  motored  profiles, 
however,  continue  to  display  a  counter-clrxikwise  rotation  near 
the  bottom  of  the  cylinder,  and  establishment  of  strong,  positive 
radial  velocities  near  the  top  of  the  cylinder  is  delayed  until 
approximately  130  CAD.  From  this  point,  radial  velocities  in  the 
central  portion  of  the  cylinder  gradually  become  positive,  and 
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Figure  4  Mean  radial  velocity  profiles  measured  during 
cylinder  blowdown  for  crankcase  scavenged  operation. 


Figure  5  Mean  radial  velocity  profiles  measured  during  early 
scavenging  for  crankcase  scavenged  operation. 
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Figure  6  Mean  radial  velocity  profiles  measured  during  mid¬ 
scavenging  for  crankcase  scavenged  operation. 


Figure  7  Mean  radial  velocity  profiles  measured  during  late 
scavenging  for  crankcase  scavenged  operation. 
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Figure  8  Mean  radial  veltKity  profiles  measured  during 
compression  for  caankcase  scaveng^  operation. 


the  positive  velocities  low  in  the  cylinder  diminish.  By  140 
CAD,  only  the  lowest  axial  location  exhibits  a  negative  radial 
velrxjity. 


Throughout  the  middle  portion  of  the  scavenging  period 
(Fig.  6)  the  differences  between  the  fired  and  motored  |»ofiles 
persist.  For  fired  operation  the  radial  velocities  decrease  rapidly, 
and  by  180  CAD  (bottom  center)  the  ptoflle  is  still  uniformly 
positive,  although  with  much  lower  velocities.  Thereafter,  tte 
flow  becomes  mote  complex,  with  diminishing  velocities  in  all 
but  the  upper  regions  of  the  cylinder.  For  motored  operation,  the 
clockwise  tumble  motion  seen  low  in  the  cylinder  does  not 
change  initially,  but  then  moves  upward  as  indicated  in  the 
profile  shown  for  180  CAD.  Beyond  180  CAD,  the  tumble 
motion  is  generally  centered  in  the  cylinder  and  changes  little 
thereafter. 

During  the  latter  portion  of  the  scavenging  process 
(Fig.  7),  the  fired  velocity  profiles  can  not  be  simply 
characterized,  but  do  become  uniformly  positive  and  remain  so 
until  just  before  exhaust  port  closure.  As  seen  in  the  profile 
shown  at  240  CAD,  the  velocity  profiles  during  this  period 
exhibit  a  maximum  near  the  top  of  the  cylinder,  and  a  secondary 
maximum  near  the  piston  top  which  may  be  indicative  of  a 
piston  driven  flow  out  the  exh^t  port.  In  contrast,  the  motored 
profiles  during  this  period  continue  to  be  characterized  by  a 
dominant  clockwise  tumble  motion  which  remains  roughly 
centered  in  the  volume. 

Finally,  during  compression  (Fig.  8)  both  the  fired  and 
motored  flow  fields  are  well  characterized  by  a  dominant 
clockwise  tumble  vortex.  However,  the  mean  velocity  gradients 
in  the  axial  direction  are  everywhere  greater  for  the  motored 
profiles. 

3,2  Mean  Velocity  Profiles  -  Blower  Scavenging 

The  blower  scavenged  radial  velocity  profiles  during 
blowdown  are  shown  in  Fig.  9.  For  fired  operation,  the  profiles 
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Figure  9  Mean  radial  velocity  profiles  measured  during 
cylinder  blowdown  for  blower  scavenged  operation. 
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Figure  10  Mean  radial  velocity  profiles  measured  during  early 
scavenging  for  blower  scaveng^  operation. 
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Figure  11  Mean  radial  velocity  profiles  measured  during  mid¬ 
scavenging  for  blower  scaveng^  operation. 


are  quite  similar  to  those  observed  with  crankcase  scavenging, 
althtmgh  larger  negative  velocities  are  observed  prior  to  intake 
port  opening.  Under  motored  operation,  the  earlier  discussion  of 
the  crimkcase  scavenged  profiles  applies,  although  a  surprising 
difference  is  observed  near  the  top  of  the  cylinder  where 
positive  radial  velocities  are  seen  throughout  the  latter  half  of 
the  blowdown  period  under  blower  scavenged  operation. 

In  the  early  scavenging  period,  the  radial  profiles  for  fired 
and  motored  operation  remain  different  (Rg.  10),  and  are  quite 
distinct  from  the  corresponding  crankcase  scavenged  profiles 
(Fig.  S).  The  fired  profile  is  characterized  by  a  well-defined 
tumble  vortex  that  continues  to  build  strength  throughout  this 
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Figure  12  Mean  radial  velocity  profiles  measured  during  late 
scavenging  for  blower  scavenged  opeiatkm. 
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Figure  13  Mean  radial  velocity  profiles  measured  during 
compression  for  blower  scavenged  operation. 


period.  In  contrast,  the  motored  profile  changes  little  during  this 
period,  and  strong  positive  velocities  are  not  observed  at  any 
location  on  the  cylinder  centerline. 

By  180  CAD  the  fired  and  motored  profiles  are  somewhat 
comparable.  The  tumble  motion  characterizing  the  Bred  profile 
is  no  longer  apparent  (Hg.  1 1 ),  and  a  positive  radial  velocity  is 
observed  at  all  axial  locations  throughout  the  remainder  of  the 
mid-scavenging  period.  For  motored  operation,  the  profile  is 
also  generally  positive  by  bottom  center,  and  remains  so  for  the 
remainder  of  this  period.  During  the  late  scavenging  period 
(Fig.  12),  the  fired  and  motored  profiles  both  exhibit  a  radial 
velocity  maxima  in  the  upper  region  of  the  cylinder,  aldiough 
the  |m>files  differ  in  detail.  Such  a  tough,  qualitative  similarity 
holds  until  exhaust  port  closure. 

It  is  clear,  however,  that  des|rite  the  rough  similarity  seen 
in  the  centerline  profiles  during  the  late  scavenging  process,  the 
over-all  flow  fields  must  have  been  dramaticaliy  different  to 
give  rise  to  the  compression  profiles  shown  in  Rg.  13.  Under 
fired  operation,  the  profile  is  clearly  dominated  by  a  tumble 
vortex  and  characterized  by  high  shear.  In  contrast,  the  motored 
profile  appears  far  less  linear  and  is  characterized  by  velocities 
of  consi^ndily  lesser  magnitude  than  the  corresponding  fired 
velocities. 
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RMS  Vdodty  FluctuatkHis 

Rms  fluctuations  in  velocity  during  compression,  from 
270  CAD  to  330  CAD,  are  shown  in  Fig.  14  for  the  upper  three 
measurement  locations  under  crankcase  scavenging  conditions. 
Despite  Che  larger  axial  gradients  in  the  radial  velocity 
component  seen  in  Fig.  8,  the  rms  fluctuations  observed  during 
this  period  are  similar  for  motored  and  fired  operation  at  these 
locations.  Under  blower  scavenged  conditions  (Fig.  IS), 
however,  the  effect  of  the  large  mean  shear  observed  for  fired 
operation  (Fig.  13)  is  manifested  in  the  observed  fluctuating 
velocities  at  all  of  the  measurement  locations  shown. 


Crank  Angle 


Figure  14  Rms  fluctuating  velocities  for  crankcase 
scavenging.  The  filled  symbols  indicate  data  obtained 
under  motored  conditions.  — »-z=4.0  mm;-e-z=12.0  mm; 
— e-z=20.0  mm. 
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Figure  15  Rms  fluctuating  velocities  for  blower 
scavenging.  The  filled  symbols  indicate  data  obtained 
under  motored  conditions.  — »-z=4.0  mm;-e-z=12.0  mm; 
— •-z=20.0  ram. 


4  SUMMARY  AND  CONCLUSIONS 

Measurements  of  the  radial  component  of  velocity  along 
the  cylinder  centerline  in  a  two-stroke  engine  have  been 
obtained  for  simulations  of  blower  and  crankcase  scavenging 
under  motored  and  fired  operation.  Mean  profiles  of  the  radial 
component  of  velocity  are  repented  at  selected  crank  angles,  and 
rms  velocity  fluctuations  during  the  compression  process  are 
also  presented. 

Significant  difierences  in  the  mean  velocity  profiles  for 
motored  and  fired  conditions  indicate  that  the  gener^  nature  of 
the  in-cylinder  flow  is  changed  dramatically.  These  differences 
are  observed  for  both  blower  and  crankcase  driven  scavenging, 
and  persist  throughout  the  compression  process.  Rms  velocity 
fluctuations  near  top  center  are  also  affected,  and  are  found  to 
correlate  reasonably  well  with  the  mean  shear  observed  during 
the  compression  stroke. 

In  general,  we  conclude  that  the  scavenging  flow  field  for 
motored  operation  is  not  representative  of  the  flow  field  in  a 
fired  engine.  Realistic  measurements  of  the  in-cylinder 
scavenging  flow  field  of  two-stroke  engines  can  only  be  assured 
by  mnning  the  engine  in  a  steady  or  quasi-steady  fir^  mode. 

Finally,  we  caution  against  forming  universal  conclusions 
about  the  relative  differences  in  the  motored  and  fired  flow 
fields  under  blower  and  crankcase  driven  scavenging,  based 
solely  on  the  limited  data  presented  here.  For  example,  in 
contrast  to  the  similar  rms  velocity  fluctuations  shown  in  Fig. 
14,  we  observe  significant  differences  in  the  motored  and  fired 
rms  velocities  during  the  compression  stroke  for  crankcase 
scavenging  at  other  delivery  ratios. 
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1.  Introduction 

The  development  of  laser  cladding  and  alloying 
techniques  is  of  great  importance  in  many  industrial 
fields,  particularly  in  the  aeronautical  industry  which 
makes  a  great  use  of  aluminium  alloys,  as  that  process 
allows  the  improvement  of  the  surface  properties  of 
materials  like  resistance  to  wear,  corrosion  and 
oxidation.  The  reasons  of  this  interest  lie  in  the  high 
quenching  rate,  the  good  fusion  bvinding  and  the 
localized  heating  which  reduce  the  thermal  distorsions 
and  the  size  of  the  heat  affected  zone. 

The  {uocess  may  be  performed  by  either  preplacing  the 
powder  on  the  substrate  or  blowing  the  powder  into  the 
laser-generated  molten  pool.  It  can  also  be  done  by 
applying  the  clad  material  as  a  wire  sheet  or  plasi.',i> 
spraycoat  or  electroplate  coat.  The  blown  powder 
process  is  preferable  to  the  preplaced  powder 
technique,  in  so  far  as  the  shape  of  the  clad  and  the 
level  of  dilution  are  easier  to  control  (!]. 


Vt  (processing  speed) 

Fig  1 :  The  laser  cladding  set-up 

As  shown  on  figure  1.  the  alloyed  layer  is  created  by 
injecting  powder  into  the  bser  melted  surface  with  an 
angle  0  around  50°  defined  from  horizontal.  The  CO2 
source  is  a  22  kW  U.T.1.L  laser.  The  incident  beam  is 
homogenized  through  a  kaleidoscope  device  which 
permits  delivery  of  an  energy  distribution  in  the 


transverse  direction  of  about  a  few  10^  W/cm^  on  a 
typically  4  x  lOmm^  surface  (figure  2)[1]. 


Fig  2  :  Laser  beam  analysis 
in  the  interaction  zone 


High  power  laser  beam  analysis  is  performed  by  an 
appropriate  device  which  is  mainly  constituted  by  a 
rotating  hollow  cylinder  with  40  pm  diameter  holes 
regularly  spaced  in  screw.  During  laser  irradiation, 
each  hole  t^es  a  part  of  the  incident  laser  beam  which 
is  focused  on  pyro-elecuic  detectors  (X  =  10.6  pm). 
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Considering  hole  location  and  rotative  speed  of  the 
cylinder  (SO  cm  in  diameter),  the  whole  intensity 
distribution  in  the  interaction  area  is  achieved  by  this 
well-tried  apparatus  [2.  3].  Tliis  original  optical  device 
allows  effective  shaping  of  the  22  kW  laser  beam  with 
a  symmetric  distribution  of  power  density. 

The  CC)2  laser  sources  usually  devoted  to  laser  surface 
treatment  range  from  2  to  S  kW  which  lead  to  surface 
transformation  of  narrow  tracks  placed  side  by  side  to 
generate  extended  uoatments  in  width. 

In  our  experiments,  laser  powers  of  up  to  16  kW  have 
been  used  in  the  Al/Ni  surface  alloy  formation  on 
aluminium  substrate  leading  to  IQ  mm  large  alloyed 
tracks  in  one  step. 

In  order  to  provide  homogeneous  powder  delivery  in 
the  interaction  zone,  an  injection  head  with 
rectangular  geometry  had  been  chosen. 

Several  phenomena  governing  the  alloyed  layer 
formation  depend  on  transport  of  the  powdery  material 
in  the  carrier  gas  :  powder  interaction  time,  laser 
material  coupling,  surface  alloy  composition... 

It  appears  that  no  melting  occurs  without  powder, 
wheras  a  molten  pool  is  generated  on  the  ground 
surface  when  powder  is  injected  showing  that  powder 
particles  enhance  the  global  absorption  of  laser  energy. 

Due  to  the  great  influence  of  powder  in  the  laser 
material  interaction  ,  different  experimental  set-up 
described  below  have  been  developped  aiming  at 
particle  and  gas  flow  study  in  the  zone  of  interest  to 
take  a  step  forward  in  the  blown  powder  process 
control. 

The  powder  injection  head  consists  in  a  10  mm  large 
slit  nozzle,  whose  thickness  e  can  be  varied 
continuously  from  1  to  4  mm.  This  geometry  has  been 
chosen  to  ensure  the  maximum  particle  entrapment 
into  the  laser  melted  surface.  The  nozzle  presents  two 
additional  slits  delivering  argon  gas  to  protect  the 
substrate  from  oxidation.  The  powder  injection  head  is 
fed  with  A150yNiSO  premixed  alloy  particles.  0.06  mm 
in  average  diameter,  carried  by  argon  gas.  The  particle 
jet  is  produced  in  a  Plasma  Technik  feeder,  presenting 
wheels  with  grooves  in  which  the  powder  falls.  Tlie 
powder  mass  flow  rate  is  determined  by  the  rotation 
speed  of  the  wheel  and  the  dimension  of  the  grooves. 

Two  non  intrusive  techniques  are  implemented  in 
order  to  investigate  the  two-phase  flow  jet:  Laser 
doppler  anemometry  of  the  gas  flow  issuing  the 
injection  head  and  Particle  Image  Visualization  of  the 
powder  jet 

2.  Laser  Doppler  Anemometry  of  the  gas  (low  jets 

In  order  to  characterize  the  How  velocity  field 
in  the  interaction  zone,  experimental  measurements  of 


both  mean  and  rms  values  of  the  axial  component  of 
gas  velocity  in  abscence  of  metallic  powders  arc 
carried  out 

2.1.  Experimental  set-up 

Velocity  measurements  are  performed  using  a 
one-component  Laser  Doppler  Anemometer  operating 
in  the  backward  scatter  mode  as  schematically 
illustrated  on  figure  3. 

A  2  W  argon  laser  supplies  the  light  source.  The  laser 
beams  (X  =  0.S14  pm)  issued  from  the  beam  splitter 
are  focused  by  a  193  mm  focal  length  lens  to  fmm  a 
probe  volume  with  a  diameter  of  90  pm  and  a  length 
of  701  pm.  The  fringe  spacings  are  2  pm. 

The  main  jet  (carrier  gas)  and  the  shielding  gas  jets  are 
separately  seeded  with  sub-micronic  oil-droplets  which 
have  been  both  able  to  follow  the  gas  (low  and  to 
backscaiter  light  from  measurement  volume. 

As  there  is  no  influence  of  gravity,  the  nozzle-plate 
system  is  roDicd  for  convenience.  The  plate  represents 
the  substrate  in  the  impinged  region  during  laser 
surface  treatments  defining  a  50°anglc  with  the  jet 
axis. 


HZt 


1 :  Argon  Laser 
2:  Beamsplitter 
3:  focatialion  optics 
4:  reception  opiKS 
5 :  injection  head 
6:  plate 


Measurement 

Volume 


Fig  3 :  Scheme  of  the  set-up 

Taking  z  =  0  at  the  nozzle  exit,  mean  velocity 
measurements  are  obtained  from  5.6  mm  to  18  mm  in 
the  jet  axis  (4  mm  from  the  plate)  (figure  4) . 


4 :  L.D.A  measurement  locations 
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Reproducing  experimenial  Row  conditions,  gaz  flow 
rates  values  from  2.5  to  8.S  1/min  are  supplied  in  a 
Plasma  Technik  feeder  to  produce  the  main  jet  when 
40  l/min  are  distributed  in  secondary  jets. 

2.2.  Results 

At  Hrst.  gas  flow  rate  effects  on  mean  velocity 
are  achieved  in  the  main  jet  alone.  An  homogeneous 
mean  gas  velocity  is  observed  along  y  axis  as 
expected. 

Following  X  axis,  symmetric  velocity  profiles  are 
observed  as  shown  on  figure  S  (z  =  S.2  mm)  :  this 
free  jet  region  exists  up  to  10mm  above  the  nozzle 
exit.  Axial  mean  velocity  increases  with  flow  rate  at  a 
fixed  nozzle  geometry. 


Fig  5  :  Influence  of  the  gas  flow  rate 
(free  jet  region)  (e=  1) 

At  the  location  z  =  18  mm,  mean  axial  velocity  profiles 
are  no  longer  symmetric  due  to  plate-flow  interaction, 
as  shown  on  figure  6.  Jet  impingement  leads  to  higher 
decay  of  mean  axial  velocity  and  smoothed  velocity 
profiles  above  exit  nozzle  at  a  gas  flow  rate  of  8,5 
l/min. 

The  secondary  flow  mean  axial  velocity  profiles  are 
described  by  means  of  two  different  seeding 
procedures.  Oil  droplets  are  first  injected  in  the  main 
jet  (carrier  gas).  Because  of  particles  diffusion.  LOA 
measurements  may  be  performed  over  a  wider  zone 
than  the  main  jet  region  and  allow  shielding  gas  flow 
field  measurements.  In  a  second  step,  when  both  main 
and  secondary  jets  are  seeded,  it  appears  that  the  same 
velocity  field  is  depicted  at  the  z  =  10  mm  cross 
section.  This  accounts  for  the  gas  jet  mixing  (figure  7). 


x  (mm) 
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Fig  6  :  Mean  gas  velocity  profiles 
(z=  18mm  :e  =  1mm) 


Fig  7 :  Flow  velocity  measurements 
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Thus,  in  our  experimenial  conditions,  LDA 
measurements  yield  that  secondary  jets  may  have  a 
great  influence  on  the  carrier  gas  jet.  Nevertheless, 
respective  gas  flow  rates  (main  and  secondary  jets) 
insure  effective  confinement  of  the  central  Jet. 

3.  Particle  Image  Visualization 

In  order  to  investigate  particle  flow,  a  particle 
image  visualization  method  based  on  trajectories 
recognition  is  applied  to  metallic  powder  carried  by 
argon  gas. 

3.1.  Experimental  procedure 

The  particle  velocity  is  obtained  by  means  of 
the  set-up  presented  on  figure  8.  An  argon  laser  sheet 
illuminates  cyclically  llic  plane  coniaiiiing  tlie  particle 
trajectories.  The  time  base  is  given  by  an  acousto-optic 
modulator  (10  kHz).  The  frames,  corresponding  to  a 
2.6  mmx  2  mm  window,  are  recorded  bv  means  of  a 
CCD  camera  on  a  micro  computer  hard  disK. 


0  l  i  3  7 


0:  Argon  laser 

1:  Acnusto-Optical  Modulator 
2:  Filtering  optics 
3:  Cylindrical  Lens  I  =  300nim 
4:  514  nm  Biter 
5:  Cylindrical  Lens  f  =  304nini 
6:  tSiniii  lens  +CCD  camera 
7:  Interaction  zone 


Fig  8  :  Experimental  set-up 
3.2.  Particle  velocimetry 

Image  processing  makes  possible  to  identify 
automatically  the  trajectories  and  to  calculate  the 
average  velocity  along  each  trajectory.  Strong 
trajectory  rejection  criterions  have  been  introduced  in 
order  to  prevent  errors  of  identification.  Trajectory 
recognition  aigorythm  is  based  on  imposed  residual 
light  beetween  two  luminous  intensity  maxima  (see 
figure  9) . 


Fig  9  .  Trajectory  recognition  and  powder  velocity 
measurements 

As  a  result,  panicle  mean  velocity  corresponding  to 
specific  aerodynamic  conditions  which  have  been  used 
during  thermal  u-eatment  (rectangular  nozzle  with 
e  =  1  mm  and  gas  flow  rate  varying  from  2.5  to  8.5 
1/mn)  is  identified  (see  figure  10). 
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A  sequence  of  15  frames  may  be  automatically 
acquiered  and  treated  (trajectory  recognition  and 
distance  measurement  on  validate  ones).  A  hundred 
particle  mean  velocity  measurement  is  achieved  within 
the  interaction  zone. 


Fig  10  :  Particle  velocity  increase 
with  carrier  ^as  flow  rate 

The  main  limitation  of  the  method  is  due  to  low  solid 
phase  volume  fraction  needed  to  achieve  trajectories 
recognition  (neaily  10'^) . 
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3.3.  Density  distribution  in  the  particle  jet 

The  determination  of  density  distributions  of  the 
panicles  uses  the  same  apparatus  (see  figure  8)  but 
requires  the  argon  laser  sheet  to  be  perpendicular  to  the 
panicle  jet  axis.  The  laser  sheet  irradiates  continuously 
a  SO  pm  cross  section.  Each  metallic  powder  panicle 
passing  through  laser  beam  scatters  an  amount  of  light 
to  CCD  camera.  The  luminance  in  each  point  of  the 
image  is  then  supposed  to  be  proponional  to  the  local 
panicle  density. 

The  two-phase  flow  jet  is  weakly  diverging.  The 
subsequent  lowering  of  density  disuibution  may  be 
described  qualitatively  at  a  given  location  in  the  jet 
axis. 

The  entrapment  rate  depends  on  the  area  of  the  molten 
pool  with  respect  to  the  particle  jet  impingement,  as 
pai'ticlcs  failing  outside  ilic  pool  are  lo.st.  Powder 
distribution  in  the  near  substrate  region  is  of  great 
imponance  in  order  to  optimize  this  characteristic,  as 
shown  on  figure  1 1. 


Fig  11 :  Panicle  flow  cross  section  near  the  subsuate 
(panicle  density  disu'ibution) 


Jet  axis  moving  :Ax 
(mm) 


Fig  12  :  Effect  of  jet  axis  translation  with  respect  to 
high  power  interaction  zone 

4.  Conclusions 

LDA  measurements  have  been  achieved  in  order  to 
investigate  gas  flow  jets  mean  axial  velocity  during 
high  power  laser  surface  treatments. 

A  flexible  processing  image  device  allows  us  to 
qualify  our  slit  nozzle  in  term  of  panicle  velocity  and 
powder  density  distribution. 
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ABSTRACT 

Microprojectile  methods  of  genetic  engineering  sometimes 
employ  a  macroprojectile  which  launches  the  microprojectiles 
when  it  hits  a  stopping  plate.  A  study  has  been  made  of  the 
relationship  between  the  velocities  of  the  macroprojectile  and 
the  microprojectiles  it  launches.  Macroprojectile  velocities 
were  measured  using  a  novel  laser  beam  cutting  method  and 
the  microprojectile  velocities  measured  directly  using  a  laser 
Doppler  anemometer.  Particles  of  tungsten,  titanium  dioxide 
and  silicon  carbide  were  investigated  as  microprojectiles.  The 
microprojectile  velocity  has  been  found  to  depend  not  only  on 
the  macroprojectile  vektci^  but  also  on  the  microprojectile 
size  and  material,  the  bond  strength  with  the  macroprojectile 
and  the  gas  flow  that  develops  ahead  of  the  macroprojectile. 
On  average,  the  microprojectile  launch  velocity  was  similar  to 
the  macroprojectile  velocity.  However,  some  tungsten 
particles  had  velocities  2  or  3  times  this  value.  Experimental 
evidence  suggests  that  these  higher  velocities  were  caused  by 
early  break-away  of  this  heavier  particle  material  from  the 
macroprojectile  followed  by  further  acceleration  by 
aerodynamic  drag  arising  from  the  gas  flow  ahead  of  the 
macroprojectile. 


I.  INTRODUCTION 

There  is  currently  considerable  interest  in  the  use  of 
mkroprojectile  techniques  to  introduce  new  genetic  material 
into  living  cells  (see  for  example  Sanford  et  al  (1987),  Klein 
et  al  (19%).  A  gas  driven  mkroprojectile  acceleration  devke 
suiuble  for  this  purpose  has  been  developed  at  The  University 
of  (Queensland  (Nabulsi  et  al.  1994).  This  device  uses  a  light¬ 
weight  macroprojectile  to  whkh  mkroprojectiles  are  attached 
to  the  downstream  side,  these  mkroprojectiles  having 
previously  been  coated  in  the  new  genetk  material.  In 
operation,  a  shock  wave  is  used  to  accelerate  the 
macroprojectile  to  high  velocity.  The  macroprojectile  then 
strikes  a  stopping  plate.  The  inertia  of  the  microprojectiles  is 
suffkknt  for  them  to  break  away  from  the  macroprojectile 
and  fly  off  into  the  target  section  of  the  devke.  There,  the 
microprojectiles  penetrate  through  the  wall  of  target  cells 
carrying  new  genetic  material  into  the  cell  interior.  A  recent 
revkw  of  this  method  of  genetk  engineering  is  given  in 


Klein  et  al  (1992). 

For  genetk  engineering  purposes  the  mkroprojectile 
impact  velociiy  on  the  cell  wall  is  of  the  greatest  importance  - 
the  mkroprojectile  must  have  sufTickm  velocity  to  penetrate 
cell  walls  but  without  destroying  them.  Other  studies  have 
been  made  of  the  terminal  ballistks  phase  in  which  the 
mkroprojectile  strikes  the  target  cells  (Kwong  1993).  This 
paper  is  primarily  concerned  with  the  launch  phase  of  the 
mkroprojectiles.  Of  interest  in  a  mkroprojectile  launcher  of 
this  type  is  the  relationship  between  the  macroprojectile  and 
mkroprojectile  velocities.  The  macroprojectile  velociiy  is  the 
one  directly  controlled  by  the  shock  tube  driver.  While 
clearly  related,  the  mkroprojectile  velocity  at  impact  on  Ifae 
cell  wall  also  depends  on  the  interaction  between  the 
mkroprojectile  and  the  gas  ftows  caused  by  the 
macropiojectile  motion.  An  understanding  of  mkroprojectile 
separation  from  the  macroprojectile  and  its  subsequent  drag 
history  in  the  macroprojectile  generated  flows  is  necessary  for 
process  optimisation. 


2.  APPARATUS 

A  schematk  of  die  mkroprojectile  accelerator  is  shown  in 
Figure  1.  The  macroprojectile  consisted  of  a  membrane 
placed  across  the  end  of  a  shock-tube  driver  consisting  of  a 
reservkr  and  driven  tube,  with  a  stopping  plate  on  the 
downstream  side  of  the  macroprojectile  separating  it  from  the 
target  chamber.  Full  deuils  are  given  in  Nabulsi  et  al  (1994). 
In  the  version  used  for  genetk  engineering  experiments,  the 
Slopping  plate  consisted  of  a  regular  array  of  small  holes,  with 
an  open  area  of  60%.  This  led  to  the  minimum  blockage 
possible  consistent  with  the  stopping  plate  having  suffkknt 
strength  to  support  the  load  of  the  impacting  macroprojectik. 
It  was  important  to  maximize  the  flow  area  to  minimize  gas 
pressure  buildup  between  the  macroprojectik  and  the  slopping 
plate  which  would  have  had  the  efftot  of  decelerating  the 
macroprojectile  before  it  reached  the  stopping  plate.  The 
small  size  of  the  holes  in  the  stopping  plate  prevented  the 
macroprojectile  from  bursting  and  having  driver  gas 
contaminate  the  target  section. 

In  operation,  the  shock  tube  reservoir  was  pressurized  and 
the  primary  diaphragm  separating  the  shock  nibe  reservoir 
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from  (he  driven  cube  ruptured  so  that  a  pressure  wave  was 
generated  in  the  driven  tube.  This  pressure  wave  struck  the 
thin  membrane  macroprojectile  accelerating  it  towards  (he 
stopping  plate.  Microprojectiles  coated  in  new  genetic 
material  had  previously  been  dispersed  on  the  stopping  plate 
side  of  the  macroprojectile.  The  motion  of  the 
macroprojectile  was  arrested  when  it  struck  the  porous 
stopping  plate.  In  practice,  the  macroprojeciile  would  begin 
to  decelerate  before  striking  the  stopping  plate  because  of  the 
pressure  developed  in  the  gas  being  compressed  by  iu 
movement  towards  the  stopping  plate.  The  velocity  of  the 
microprojectiles  reaching  the  urget  chamber  would  depend  on 
when  they  detached  from  the  macroprojectile  and  what 
subsequent  aerodynamic  drag  they  were  subjected  to.  Once  in 
the  target  chamber  they  would  continue  on  to  the  target  cells 
penetrating  through  the  cell  walls  carrying  the  new  genetic 
material  into  the  cell.  For  successful  genetic  transformation, 
a  large  number  of  cells  must  express  (he  new  genetic  material 
and  survive  the  trauma  of  the  impact  event. 

For  the  present  study,  a  simplified  experimental  model  of 
the  stopping  plate  was  used  in  which  flow  through  a  single 
orifice  was  considered.  This  avoided  the  complication  of 
complex  interaction  of  multiple  jet  flows  produced  by  (he 
original  stopping  plate.  A  diameter  of  20  nun  for  this  nozzle 
gave  a  good  compromise  between  maintaining  flow  area  and 
preventing  the  macroprojectile  from  bursting.  Nabulsi  et  al 
(1994)  have  discussed  a  variety  of  geometric  configurations 
possible  for  this  basic  microprojectile  accelerator  in  which  the 
length  of  the  shock-tube  driver  and  initial  geometry  of  the 
macroprojectile  were  varied.  For  the  study  described  here,  a 
combination  of  a  long  driven  tube  and  an  initially  flat 
macroprojectile  was  used. 

2.1  Macroprojectile  Velocity  Transducer 

The  velocity  transducer  is  based  on  the  principle  of  (he 
cuning  of  a  single  beam  of  light  by  the  macroprojectile.  This 
single  beam  device  is  extremely  compact  providing  a  "near 
point"  measurement  of  the  macroprojectile  velocity  very  close 
to  the  end  of  its  motion.  This  design  is  particularly  suited  to 
the  tight  geometric  constraints  and  the  unsteady  namre  of  (he 
velocity  measured  in  the  present  study. 

The  velocity  transducer  consists  of  a  light  emitting  diode 
which  directs  a  parallel  beam  normal  to  the  motion  of  the 
macroprojectile  onto  a  photodetector.  As  the  light  beam  is 
cut.  the  voltage  output  from  the  photodetector  reduces.  This 
voltage  reduction  is  linear  with  beam  blockage  over  the  centre 
0.8  mm  of  the  3  mm  diameter  beam.  The  device  was 
calibrated  using  a  depth  micrometer  to  block  varying  fractions 
of  the  light  beam.  Only  two  different  depth  micrometer 
positions  were  required  for  a  calibration.  The  two  voltages 
corresponding  to  the  two  known  positions  of  the  calibrating 
micrometer  were  recorded  on  the  same  oscilloscope  as  the 
time  varying  signal  output  from  the  transducer  when  the  beam 
was  cut  by  the  macroprojectile.  The  average  velocity  of  the 
macroprojectile  between  the  calibration  points  could  then  be 
calculated. 

The  light  source  chosen  was  a  Radio  Spares  1  mW  optical 
output  power  laser  diode  module  with  a  built  on  focussing 


lens.  A  recessed  pressure  upping  in  the  stopping  plate  was 
used  to  measure  sutic  pressure  in  the  nozzle  with  a  PCB 
model  1IA26  piezo-electric  pressure  transducer.  Deuils  of 
(he  design  and  testing  of  (his  transducer  are  given  elsewhere 
(Nabulsi  et  al.  1994),  Duval  1993). 


2.2.  Laser  Doppler  Anemometer 

The  laser  Doppler  anemometer  was  used  to  measure 
panicle  velocities  of  3  different  microprojeciiles.  deuils  of 
which  are  shown  in  Table  I.  Panicle  diameters  were 
measured  with  a  Malvern  Mastersizer.  Prior  to  panicle  size 
measurement,  ultrasonics  were  used  to  disperse  the  powders  in 
water  with  the  aid  of  the  additive  Calgon. 

The  laser  used  was  a  Spectra  Physics  Model  163-08  argon 
ion  laser  operated  at  a  wavelength  of  314.3  nm  and  nuximum 
power  ouq)ut  of  1 .7  W.  The  diameter  of  the  beam  at  the  l/r 
level  is  1 .23  mm.  No  frequency  shifting  was  required  as  the 
microprojectile  velocity  direction  was  known.  The 
photomultiplier  signal  was  processed  by  a  TSl  Model  1990 
counter  type  signal  processor  to  give  panicle  velocities  from 
burst  frequencies.  The  monitor  output  from  the  processor, 
which  is  a  voluge  inversely  proponional  to  the  panicle 
velocity,  is  the  signal  which  was  recorded. 

A  schematic  of  the  microprojectile  accelerator  with  (he 
positioning  of  the  LDA  beams  is  shown  in  Figure  1. 
Tektronix  type  2211  (20  MHz)  oscilloscopes  were  used  for 
recording  the  macroprojectile  velocity  transducer  signal,  the 
sutic  pressure  in  the  nozzle,  the  ouq>ut  from  the  LDA  signal 
processor  (microprojectile  velocity  information)  and  the 
incident  shock  pressure. 


3.  RESULTS 

Preliminary  experiments  were  performed  under  the  same 
conditions  shown  as  Series  I  in  Table  2.  The  LDA 
measurements  were  performed  in  a  diametral  plane  of  the 
axisymmetric  window  with  the  measuring  volume  in  the  center 
of  the  nozzle.  In  these  shots  the  measured  macroprojectile 
velocity  was  significantly  lower  than  those  of  the 
mkroprojectiles  (approximately  one  third).  This  velocity 
differential  was  attributed  to  interaction  of  the  microprojectiles 
with  the  gas  flow  developed  through  the  stopping  plate  as  a 
result  of  gas  compression  between  the  macroprojectile  and  (he 
stopping  plate.  This  mechanism  is  discussed  further  below  in 
Section  4,  but  to  minimise  these  effects,  a  second  series  of 
experiments  was  conducted  with  different  flow  parameters.  If 
the  macroprojectile  velocity  and  initial  fill  pressures  are  low 
enough,  the  sutic  pressure  buildup  in  the  nozzle  would  be 
significantly  reduced.  Series  2  settings  in  Table  2.  With  these 
settings  the  peak  sutic  pressure  in  the  nozzle  throat  was 
measured  to  be  9.3  kPa.  Assuming  isentropic  expansion  from 
the  space  ahead  of  the  macroprojectile,  this  sutic  pressure 
corresponds  to  a  sugnation  pressure  of  only  17.6  kPa.  Under 
these  conditions  a  typical  experimenully  measured  pressure 
behind  the  reflected  shock  driving  the  macroprojectile  was 
60kPa. 
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LDA  measuremenis  were  also  undertaken  using  Series  2 
conditions.  A  typical  result  of  LDA  velocity  and 
macroprojectile  velocity  signals  is  shown  in  Figure  2.  It  is 
seen  that  the  monitor  ouqiut  signal  is  highly  discontinuous 
with  only  a  few  changes  in  voltage  per  shot.  Each  step  in 
voltage  corresponds  to  a  particle  of  different  velocity  passing 
through  the  measuring  volume.  Only  a  few  particles  per  shot 
produce  velocity  data  points.  The  first  of  these  is  used  to 
characterize  the  microprojectile  response.  It  is  assumed  that 
this  particle  left  the  diaphragm  first  (had  the  lowest  bond 
strength  and  so  should  have  the  highest  velocity)  and  traveled 
to  the  LDA  measuring  volume  along  the  shortest  path  length. 

Four  different  experimental  configurations  were  used. 
The  first  two  used  the  same  tungsten  microprojectiles  at  two 
different  measurement  stations,  one  5  mm  downstream  from 
the  nozzle  exit  and  the  second  20  mm  downstream  from  the 
nozzle  exit.  The  other  two  configurations  measured 
microprojectile  velocities  at  a  fixed  location  (S  mm 
downstream  from  the  nozzle  exit)  but  used  two  different 
microprojectile  materials,  titanium  dioxide  and  silicon  carbide. 

Results  for  different  particle  systems  are  compared  in 
Figure  3  (a)-(d).  Error  bars  incorporating  the  inaccuracies  of 
the  measuring  apparatus  are  also  shown.  The  velocity  ratio  is 
the  ratio  of  the  microprojectile  velocity  based  on  the  first 
pulse  captured  on  the  LDA  and  the  macroprojectile  velocity. 
If  At  is  the  time  delay  between  the  macroprojectile  velocity 
measurement  and  the  corresponding  microprojectile  velocity 
measurement  as  a  consequence  of  the  spatial  separation 
between  the  two  measurement  points,  V„  the  macroprojectile 
velocity  and  D  is  the  axial  separation  of  the  macroprojectile 
measurement  position  and  the  LDA  measuring  volume  then 
the  normalised  time  A(  is. 

At  =  (*) 

Not  included  in  the  error  analysis  are  sources  of  scatter 
such  as  the  stretching  of  the  macroprojectile  through  the 
nozzle  hole,  the  non-constant  motion  of  the  particles  and  die 
variable  size  of  the  panicles  being  measured.  The  curvature 
of  the  macroprojectile  coupled  with  the  irregular  shape  of  the 
panicles  may  cause  them  to  move  in  non-rectilinear 
trajectories.  Since  the  panicles  are  of  variable  size  the  drag 
for  each  will  be  slightly  different  and  this  may  also  cause 
some  scatter. 


4.  ANALYSIS  AND  DISCUSSION 

An  important  feature  of  the  motion  of  microprojectiles  is 
the  aerodynamic  drag  between  them  and  the  gas  flow  through 
the  stopping  plate.  A  drag  coefficient  correlation  formula  for 
small  spheres  has  been  given  by  Henderson  (1976).  The  flow 
regimes  covered  include  continuum,  slip,  transition  and  free 
molecular  flow  at  Mach  numbers  up  to  6  and  Reynolds 
numbers  up  to  the  laminar-turbulent  transition.  The  effect  on 
the  drag  of  a  temperature  difference  between  the  sphere  and 
the  gas  is  also  incorporated.  Since  in  this  case  a  convergent 
nozzle  is  used,  the  maximum  possible  Mach  number  for  the 
gas  is  1.  The  microprojectiles  will  be  moving  in  the  same 
direction  as  the  gas  and  so  the  slip  velocity  between  the 


particles  and  the  gas  will  be  such  that  the  Mach  number  based 
on  this  slip  velocity  will  also  be  less  than  I.  Hence  only 
Henderson's  subsonic  drag  correlation  need  be  used  here. 
This  gives  the  drag  coefficient  Q  in  terms  of  the  Reynolds 
number  (Re  based  on  sphere  diameter,  on  AV  -  the  slip 
velocity  between  the  gas  and  sphere  and  on  the  freestream 
density  and  viscosity),  the  Mach  number  (M  based  on  AV), 
the  molecular  speed  ratio  (equal  to  Myfytl,  where  y  is  the 
ratio  of  specific  heats),  the  temperature  of  the  sphere  (T. 
assumed  to  be  isothermal)  and  the  temperanire  of  the  gas  in 
the  freestream  (T).  In  the  present  case  T.  is  assumed  to  be 
equal  to  T. 

Using  this  equation  an  analysis  of  the  effect  of  the  drag  on 
the  microprojectiles  can  be  performed.  The  flow  conditions  in 
the  nozzle  are  complicated  due  to  unsteady  flow,  however, 
some  deuils  are  clear  from  veloci^  and  pressure  dau.  There 
is  a  pressure  buildup  with  the  pressure  suying  constant  for  a 
short  time  (indicating  choking  of  the  nozzle)  then  the  pressure 
drops  again  approximately  renirning  to  its  original  value  as  the 
rarefaction  wave  caused  by  the  macroprojectile  hining  the 
stopping  plate  reaches  the  pressure  transducer  section.  Since 
the  period  of  higher  pressure  lasts  only  a  short  time 
(approximately  SO  ycc.)  compared  with  the  time  delay  between 
the  velocity  transducer  and  LDA  signals  (approximately 
0.3Stns)  by  the  time  the  particles  were  entering  the  LDA 
measuring  volume,  they  would  be  passing  through  gas  affected 
by  the  rarefaction  arising  from  the  macroprojectile  stopping  at 
the  stopping  plate.  Thus,  the  gas  pressure  and  temperature 
would  have  been  close  to  the  initial  fill  conditions,  and  the 
relative  velocity  would,  therefore,  be  the  particle  launch 
velocity  or  macroprojectile  velocity.  These  conditions  were 
used  in  the  subsequent  analysis.  From  the  deflnition  of  drag 
coefficient  and  using  the  equivalent  volume  sphere 
approximation,  the  particle  acceleration  is 

a  =  =  0.75C^  fdfAIOVtf  ® 

dx'^  Ppm 

where  x  is  the  coordinate  in  the  streamwise  direction,  is 
the  velocity  of  the  particle,  Pp,  is  the  gas  density,  the 
microprojectile  density  and  d  its  diameter.  Equation  (2)  must 
be  integrated  numerically  using  a  Runge-Kuna  method  because 
Cp  is  obtained  from  Henderson's  drag  equation  which  is  also  a 
huiction  of  AV.  This  gives  the  panicle  velocity  as  a  function 
of  travel  disunce.  Three  different  initiai  particle  velocities 
were  considered  -  50  m  s  ',  100  m  s  '  and  150  m  s  '  (as  these 
were  close  to  the  microprojectile  launch  velocity  or  terminal 
macroprojectile  velocity)  moving  into  a  gas  at  rest.  The 
reason  for  the  gas  being  assumed  to  be  at  rest  b  as  stated 
above  -  after  the  nozzle  choking  the  pressure  returns  close  to 
its  original  value  and  hence  the  gas  velocities  are  assumed  to 
be  low  when  this  happens.  The  results  are  presented  in 
Figure  4. 

Clearly,  over  the  distance  being  considered  (nominally 
46.5  mm  -  the  distance  between  the  macroprojectile  velocity 
measurement  and  the  LDA  measuring  volume),  the  drag  has 
only  a  small  effect  in  reducing  the  tungsten  particle  velocity, 
that  is,  its  response  to  the  gas  is  quite  small  and  a  constant 
velocity  assumption  would  be  a  good  approximation.  The 
other  powders  are  affected  more  by  the  drag  under  these 
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conditions;  that  is  their  velocity  is  lower  than  that  of  the 
tungsten  or  closer  to  that  of  the  gas  for  any  given  distance 
under  the  conditions  considered.  However,  with  the  exception 
of  the  SiC  initially  at  50  m  s  ',  none  of  these  powders  is 
brought  close  to  rest  (the  gas  velocity)  over  the  distance 
considered. 

The  following  results  are  apparent  from  the  data  of 
Figure  3: 

1.  the  tungsten  particles  are  mostly  moving  at  velocities 
similar  to  that  of  the  macroprojectile,  however,  there  are 
some  panicles  which  are  moving  faster  than  the 
macroprojectile,  indeed  some  are  moving  about  twice  as 
fast  as  the  macroprojectile 

2.  higher  velocity  panicles  appear  at  an  earlier  lime, 
especially  for  the  tungsten 

3.  there  is  no  obvious  difference  in  tungsten  velocity  at  the 
two  measurement  locations 

4.  the  silicon  carbide  and  titanium  dioxide  particles  are 
moving  more  slowly  than  the  tungsten  panicles. 

Clearly  the  different  particle  systems  gave  different 
velocity  outcomes.  There  are  two  possible  mechanisms  that 
could  explain  these  differences  -  one  relating  to  different 
strengths  of  attachment  of  the  microprojectiles  to  the 
macroprojectile.  and  one  relating  to  different  interaction  of  the 
microprojectiles  with  the  gas  flow  set  up  ahead  of  the 
macroprojectile.  These  will  now  be  considered  in  turn. 

Anomalously  high  velocities  were  not  observed  with  any 
of  the  titanium  dioxide  or  silicon  carbide  particles.  These 
panicles  are  smaller  and  lighter  than  the  tungsten  particles. 
Furthermore,  unlike  the  tungsten  particles,  they  are 
electrically  non-conducting  thus  possibly  leading  to  an 
electrostatic  charge  which  bonded  them  more  securely  to  the 
macroprojectile  surhice.  This  higher  bond  strength  coupled 
with  their  lower  mass  would  have  meant  that  they  were  more 
tenaciously  held  to  the  macroprojectile  under  both  deceleration 
and  gas  entrainment  effects.  This  could  explain  why  higher 
velocities  than  the  macroprojectile  were  not  observed  with 
these  particles. 

Alternatively,  all  results  can  be  understood  in  terms  of  the 
interaction  between  the  macroprojectile  motion  and  the  gas 
flow  this  causes  through  the  stopping  plate.  Particles  that 
stayed  attached  to  the  macroprojectile  until  the  sudden 
deceleration  caused  by  it  hitting  the  stopping  plate  would  be 
released  into  gas  affected  by  the  rarefaction  wave  arising  from 
the  same  macroprojectile  deceleration.  This  rarefaction  wave 
would  travel  at  the  local  speed  of  sound  relative  to  the  gas  - 
much  faster  than  the  panicle  velocities  under  study.  Once 
launched,  the  velocity  history  of  these  particles  would  depend 
on  aerodynamic  drag  effects  caused  by  the  slip  velocity.  The 
generally  higher  velocities  of  the  tungsten  panicles  compared 
with  the  other  panicles  is  consistent  with  this  mechanism  in 
that  aerodynamic  drag  retardation  is  iess  significant  in  their 
case.  Figure  4. 

Another  result  that  could  be  explained  in  terms  of  the 
aerodynamic  drag  effects  was  the  observation  that  some  of  the 
tungsten  panicles  were  measured  to  be  moving  faster  than  the 
macroprojectile,  in  fact  in  some  cases  at  about  twice  the 
velocity  of  the  macroprojectile.  It  was  observed  that  these 
measurements  generally  occurred  at  an  earlier  time.  One 


possible  mechanism  that  might  explain  these  particles  with 
anomalously  high  velocities  would  be  aerodynamic  drag 
effects  in  the  stopping  plate  flow.  Drag  effects  have  been 
considered  previously  in  terms  of  reardation  of  the  particles 
downstream  of  the  stopping  plate.  These  effects  were 
analyzed  on  the  basis  of  particles  moving  through  quiescent 
gas.  In  this  case  the  slip  velocity  would  have  been  of  the 
order  of  the  microprojectile  velocity.  If  gas  was  compressed 
ahead  of  the  macroprojectile.  this  gas  would  expand  through 
the  nozzle  in  the  stopping  plate  possibly  reaching  high 
velocity.  Any  panicle  dislodged  from  the  macroprojectile 
prior  to  it  hitting  the  slopping  plate  would  be  entrained  into 
this  gas  flow  and  accelerated  by  the  drag  force  dependent  on 
the  slip  velocity,  in  this  case  with  the  gas  velocity  larger  than 
the  panicle  velocity. 

To  investigate  this  possible  mechanism,  a  gas  flow 
analysis  was  perfomied.  Assuming  isentropic  flow  for  a 
choked  (M  =  I)  nozzle,  the  stagnation  pressure  leading  to  the 
static  pressure  recorded  on  the  transducer  (9.3  kPa)  is  17.61 
kPa.  Further  assuming  that  ahead  of  the  moving 
macroprojectile  there  was  isentropic  compression  from  the 
initial  fill  pressure,  the  stagnation  temperamre  for  the  choked 
nozzle  flow  would  have  been  830  K  leading  to.  a  static 
temperature  in  the  diroat  of  691  K.  This  leads  to  a  speed  of 
sound  (and  hence  gas  velocity  since  M  =  I  at  the  throat)  of 
527  m  s  '.  The  response  of  the  mngsten  ( .nicies  to  this  gas 
flow  can  be  found  using  the  same  computer  program  as  for 
the  results  of  Figure  4.  Results  for  three  different  tungsten 
particle  sizes  •  I  pm,  5  pm  and  12  pm  (the  mean  size) 
initially  at  rest  are  diown  in  Figure  5. 

Clearly  the  response  of  the  particles  to  the  gas  flow  is  a 
very  strong  function  of  diameter  which  could  explain  some  of 
the  faster  tungsten  velocities.  The  higher  velocities  could 
correspond  to  smaller  particles  which  left  the  macroprojectile 
early  and  were  entrained  into  the  gas  flow.  This  agrees  with 
the  results  of  the  graphs  in  Figure  3  where  the  faster  moving 
hmgsten  particles  ate  measured  at  an  earlier  time.  This 
tungsten  particle  velocity  being  faster  than  that  of  the 
macroprojectile  also  agrees  with  other  results  -  Klein  et  al 
(1992)  measured  a  microprojectile  velocity  of  1350  m  s  '  at  a 
point  1 .97  cm  below  the  stopping  plate  for  a  macroprojectile 
velocity  of  750  m  s  '  in  a  gunpowder  driven  biolistic  device. 
They  associated  this  higher  velocity  of  the  microprojeailes 
with  the  extrusion  of  the  macroprojectile  through  the  small 
orifice  in  the  stopping  plate  thus  further  accelerating  the 
microprojectiles.  They  did  not  make  it  clear  whether  this  was 
a  drag  effect  due  to  the  velocity  of  the  gas  in  this  orifice 
acting  like  a  nozzle  accelerating  the  microprojectiles  or  if  it 
was  some  other  effect. 

The  arrival  of  the  microprojectiles  at  an  earlier  time  than 
expected  is  consistent  with  early  particle  release  and 
entrainment  in  the  gas  stream  prior  to  the  macroprojectile 
reaching  the  stopping  plate.  However,  for  the  purposes  of 
determining  the  depth  of  penetration  of  the  microprojectile  and 
the  amount  of  damage  to  the  cell  it  is  not  really  relevant  since 
it  is  the  velocity  of  the  particle  and  not  its  time  of  arrival 
which  determines  this.  From  the  LDA  velocity  measurements 
performed  here  it  is  clear  that  any  attempt  to  calculate  damage 
to  cells  and  depth  of  penetration  of  microprojectiles  in  cells 
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under  che  same  launch  condiiions  must  uke  account  of  the  fact 
that  the  microprojectiles  may  be  moving  at  twice  the  velocity 
of  the  macroprojectile.  This  is  impoilutt  because  the 
macroprojectile  velocity  measurement  is  easier  to  perform  and 
is  likely  to  be  recorded  for  each  shot. 

The  mean  velocity  ratio  for  the  tungsten  particles  at  the 
two  measurement  locations  (S  mm  and  20  mm  downstream 
from  the  nozzle  exit)  is  1.09  and  I.OS  respectively.  These 
values  show  that  for  the  conditions  used  in  this  study, 
assuming  that  the  microprojectiles  have  the  same  veloci^  as 
the  terminal  velocity  of  the  macroprojeciile  is  a  good 
approximation  which  would  be  useful  data  te  gun  design. 


5.  CONCLUSIONS 

On  average,  under  the  conditions  considered,  the  velocity 
of  the  tungsten  microprojectiles  was  the  same  as  the  terminal 
macroprojectile  velocity.  This  is  an  important  result  for 
microprojectile  accelerator  design.  Some  of  the  tungsten 
panicles  were  measured  to  be  moving  faster  than  the 
macroprojectile  at  velocities  2  or  3  times  its  value. 
Furthermore,  these  fost  particles  arrived  sooner  at  the  velocity 
measuring  location.  Both  these  results  could  be  explained  by 
the  fact  that  the  smaller  tungsten  particles  in  the  distribution 
could  be  entrained  in  the  gas  and  acceleramd  by  aerodynamic 
drag  to  higher  velocities  than  the  macroprojectile.  These 
faster  tungsten  particle  velocities  agree  with  data  published  by 
Klein  et  at  (1992)  for  a  gunpowder  driven  biolistic  device. 

The  anomalously  high  particle  velociiies  were  not 
observed  with  either  the  titanium  dioxide  or  silicon  carbide 
panicles.  These  were  smaller,  less  dense  and  non-conducting 
and  may  have  been  more  tenaciously  attached  to  the 
mkroprojectile  surftce  thus  inhibiting  entrainment  in  the  gas 
stream  prior  to  the  macroprojectile  striking  the  slopping  plate. 

If  this  anomalously  high  tungsten  particle  velocity  is 
indeed  due  to  entrainment  in  the  gas  then  ihb  principle  could 
be  exploited  in  a  shock  driven  macroprojectile  particle  inflow 
gun  (Finer  et  al,  1992)  in  which  the  tungsten  would  not  be 
bonded  to  the  macroprojectik  t  injected  into  the  gas  in  front 
of  it.  The  high  tempera  e  of  the  gas  between  die 
macroprojectile  and  the  stopping  plate  means  that  it  could 
achieve  a  higher  speed  of  sound  and  hence  a  higher  velocity 
than  systems  expanding  room  temperature  gas  alone.  This 
velocity  could  be  funher  increased  by  using  a  convergent- 
divergent  nozzle  for  the  gas  rather  than  just  a  convergent 
nozzle.  Hence  a  much  faster  gas-driven  microprojectile 
velocity  launcher  may  be  able  to  be  developed. 


Table  1:  Microprojectiles 


Material 

Diameter 

Density 

Source 

Mean 

SD 

(kg/m’) 

(jun) 

(Mm) 

Tungsten 

11.98 

12.20 

19250 

Sylvania  M20 

Titanium  dioxide 

5.61 

3.97 

4100 

TSI  Model  IC<Je2 

Silicon  cafbide 

2.32 

2.12 

3200 

TSI  Model  I008I 
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Table  2:  Initial  Settings 


Series  1 

Series  2 

Shock  tube  diaphragm 
thickness  (pm) 

50 

12 

bursting  pressure  (kPa) 

220 

variable 

Macroprojectile  thickness  (/im) 

50 

50 

Gas  upsueam  of  macroprojectile 

air 

air 

initial  pressure  (kPa  abs.) 

5 

0.5 

(jas  downstream  of  tn«:roprojectile 

air 

He 

initial  pressure  (kPa  abs.) 

5 

0.5 
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Figure  I:  Apptranis  Layout 
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(b)  20  mm  from  nozzle  exit  (Tungsten  particles)  (c)  5  mm  from  nozzle  exii  (Titanium  dioxide  particles) 


2.50 


on«H  ^IPOPA 


34.3.8. 


Figure  S;  Response  of  Various  Diameter  Tungsten  Particles  to  the  Nozzle  Flow 
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ABSTRACT 

An  experimental  study  of  the  motion  and  de¬ 
formation  of  small  water  droplets  in  a  shock  tube  is  re¬ 
ported.  In-line  double  pulse  holography  has  been  used 
to  monitor  the  deformation  and  displacement  of  water 
droplets  for  particle  diameters  in  the  range  of  17  to  220 
urn.  The  studies  were  performed  in  a  shock  tube  filled 
with  26  mbar  water  vapour  at  room  temperature.  Dro¬ 
plets  were  introduced  perpendicular  to  the  flow  axis  by 
means  of  a  vibrating  orifice  aerosol  generator  and  were 
then  exposed  to  a  weak  shock  (Ma=1.2-2.0).  The  dis¬ 
placement  data  are  fitted  by  means  of  the  equation  of 
motion,  yielding  droplet  velocities,  accelerations,  and 
drag  coefficients.  Deformation  and  fragmentation  mo¬ 
des  are  presented  for  Weber  numbers  between  3.6  and 
39.2  as  well  as  Reynolds  numbers  between  69.72  and 
317.04.  The  formation  of  jet-instabilities  in  the  range 
of  Weber  numbers,  around  We=25,  is  observed. 

1.  INTRODUCTION 

Mixtures  of  vapour  and  droplets  like  in  sprays, 
clouds  or  in  fogs  form  two  phase  systems  of  great  tech¬ 
nological  and  meteorological  importance.  Their  none¬ 
quilibrium  behaviour  depends  on  the  motion  and  inte¬ 
rior  thermodynamic  state.  Maas  exchange  (condensa¬ 
tion  and  evaporation)  is  considered  and  investigated 
in  several  studies  (B.  Schmitt  1988).  In  general,  when 
a  drop  with  surface  tension  <r  is  exposed  to  an  external 
flow,  such  as  the  flow  behind  a  shock  wave  and  if  a  cri¬ 
tical  value  of  the  Weber  number  We  =  (m^DpItr  is  re¬ 
ached,  the  drop  ceases  to  vibrate  and  undertiJus  an  ir¬ 
reversible  and  continues  deformation  until  the  particle 
finally  breaks  up.  It  should  be  noticed  that,  instead 
of  the  Weber  number,  the  effects  of  acceleration  on 
drop  fragmentation  are  sometimes  considered  in  terms 
of  the  Bond  number.  But,  since  both  parameters  are 
approximately  expressed  through  the  drag  coefficient 
Bo  =  3/8esWe,  it  becomes  a  matter  of  convenience 


which  one  is  used  in  theoretical  description.  Break  up 
occurs,  when  the  applied  aerodynamic  pressure  forces 
exceed  the  restoring  forces  due  to  surface  tension.  A 
critical  Weber  number  Wtc  is  associated  to  this  limi¬ 
ting  case  and  is  discussed  in  the  literature  (Simpkins 
1971).  Within  the  present  study,  the  droplets  are  im¬ 
mersed  in  their  own  vapour  with  no  additional  carrier 
gas.  The  question  is  whether  the  deformation  and  frag¬ 
mentation  changes  its  characteristics  by  the  presence 
of  strong  condensation  and  eviqioration. 

Generally  the  break  up  of  droplets  is  caused  by  forces 
of  various  character  like  the  surface  tension,  wind- 
forces  and  shearing  forces  but  in  most  cases  it  is  not 
known  which  force  causes  which  breach  up  mode.  Ba¬ 
sically  we  can  assume  that  the  process  of  break  up  de¬ 
pends  on  three  causes:  t)  internal  motions  within  the 
droplets,  is)  external  fluid  motion  around  the  droplets 
and  Hi)  the  properties  of  the  interface.  Like  the  case 
of  droplet  oscillation  the  difierent  modes  of  particle 
break  up  were  also  discussed  in  several  studies  (Rei- 
necke  and  Waldman  1975  and  Hassler  1970).  llere 
are  some  data  reported  on  break  up  of  droplets  in 
pure  water  vapour  (Hassler  1970  and  1972).  Schneider 
(1981  and  1982)  found  out,  that  when  a  droplet  moves 
through  its  own  vapour  at  saturation  conditions,  the 
drag  of  the  droplet  is  influenced  by  phase  tranations 
at  the  droplet  surface.  The  aim  of  this  investigation 
is  to  contribute  new  experimental  information  on  de¬ 
formation,  fragmentation  and  drag  behaviour  for  the 
droplet-in-vapour  situation. 

2.  EXPERIMENTAL  APPARATUS 

The  basic  components  of  the  experimental  set¬ 
up  are  a  horizontal  shock  tube,  a  droplet  ^nerator  and 
a  double  pulse  ruby  laser.  The  reconstruction  system 
of  the  holograms  uses  a  three-dimensional  microposi¬ 
tioning  device  and  an  image  processing  system.  These 
componmts  are  briefly  described  in  the  foUosring. 
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2.2  Droplet  Generator 


(  »«  1 


Figure  1:  Experimental  setup  (1  compressor,  2  vacuum 
pump,  3  control  of  temperature,  4  destilled  water  ves¬ 
sel,  5  droplet  generator,  6-9  charge  amplifiers,  10-11 
difiierential  amplifiers,  12  trigger  unit,  13  pulse  laser 
control  unit,  14-15  oscilloscopes,  16  PC) 

2.1  Shock  T\ibe 

Figure  1  is  a  schematic  diagram  of  the  tube 
and  the  experimental  arrangement.  The  tube  has  a 
length  of  1043  cm  and  is  made  of  stainless  steel  with  a 
wall  thickness  of  1.2  cm  and  a  circular  crossection  with 
an  internal  diameter  of  10  cm.  In  all  our  experiments 
we  used  air  as  driver  gas  resulting  in  Mach  numbers 
from  1.1  to  Ma=2.0  for  driver  pressures  between  100 
mbar  and  6  bar  respectively.  To  produce  shock  waves 
of  a  controlled  strength  we  used  diaphragms  made  of 
commercially  available  cellophane  having  a  thickness 
of  0.1  mm.  In  the  case  of  small  driver  pressure  around 
100  mbar  it  was  necessary  to  scratch  slightly  the  cel- 
lophzme  film  in  order  to  create  a  controlled  crack  be¬ 
haviour.  To  fill  the  test  section  with  water  vapour,  the 
dump  tank  was  separated  from  the  test  section  by  a 
thin  0.08mm  cellophane  film  which  would  break  up 
after  shock  passage.  After  evacuating  the  test  section, 
v!^>our  of  26  mbar  at  a  room  temperature  of  22'C 
is  filled,  which  means  saturation  conditions.  The  up¬ 
per  piezoelectric  pressure  transducer  is  used  to  trigger 
the  pockels-cell  of  a  ruby  laser  with  a  pulse  duration 
of  20  ns.  The  flash  lights  are  triggered  independently 
about  1  ms  before  by  an  additional  upstream  piezo 
probe.  The  Mach  number  is  determined  directly  by 
two  piezo  transducers  located  at  the  observation  win¬ 
dow.  To  avoid  condensation  at  the  surface  of  the  piezo 
transducer  (Luger  1990)  after  shock  passage  and  in  or¬ 
der  to  get  good  signals  we  placed  a  0.2  mm  silicone  film 
over  the  probes. 


The  droplets  are  produced  by  a  vibrating  ori¬ 
fice  aerosol  generator  (model  TSI  3450).  The  vibration 
is  provided  by  a  bimorph  transducer  and  the  fluid  flow 
of  the  liquid  can  be  regulated  separately.  The  wave¬ 
length  A  of  the  disturbance  represents  the  spacing  bet¬ 
ween  any  two  consecutive  droplets.  In  MulhoUand,  Sri- 
vastava  and  Wendt  (1988)  it  is  shown  that  this  spacing 
influences  the  value  of  the  drag  coefficient,  but  in  our 
case  this  influence  could  be  neglected  as  compared  to 
the  drag  increase  caused  by  droplet  deformation-  De¬ 
stilled  water  was  used  to  produce  the  uniformly  sized 
droplets.  Careful  filtering  of  the  water  was  necessary 
to  remove  suspended  impurities  which  might  obstruct 
the  small  pinhole  aipertures.  A  list  of  the  theoretically 
possible  droplet  sizes  is  shown  in  the  following  table 


orifice  [/im] 

10 

17.380 

21.898 

20 

34.760 

43.795 

35 

60.830 

76.642 

50 

86.901 

109.488 

100 

173.801 

218.976 

It  is  not  recommended  to  produce  droplets  with  a  size 
between  the  listed  intervals  because  the  droplet  gene¬ 
rator  would  not  work  stable  and  give  nonuniform  par¬ 
ticles.  The  production  of  very  small  droplets  required 
much  efibrt.  The  pinhole  had  to  be  purified  often  and 
sometimes  the  whole  apparatus  had  to  be  cleaned  by 
using  isopropanol.  D'.'oplets  were  introduced  perpen¬ 
dicular  to  the  flow  axis  into  the  shock  tube.  They  were 
then  exposed  to  the  shock  wave. 

2.3  Holographic  Camera  and  Reconstruction 

Double  pulse  in  line  holography  has  been  used 
to  monitor  the  deformation  and  movement  of  water 
droplets.  A  ruby  laser  with  a  maximum  pulse  perfor¬ 
mance  of  IJ  (TEM^y-mode)  and  a  pulse  duration  of 
20  ns  served  as  hologr^hic  camera.  The  wavelength 
of  694  nm  has  the  advantage  of  being  near  the  wave¬ 
length  of  the  helium  neon  laser  (A  =  633  nm)  chosen 
for  the  reconstruction,  because  the  main  requirement 
for  high  resolution  reconstruction  is  wavelength  ratio 
as  near  to  unity  as  possible  to  avoid  chromatic  aberra¬ 
tions.  After  several  experiments  we  found  that  the  op¬ 
timal  pulse  energy  is  about  0.5  mJ.  This  was  achieved 
by  using  several  gray  filters  of  different  filter  capacity 
placed  after  the  exit  of  the  laser  beam.  With  a  com¬ 
bination  of  a  convex  and  a  concave  lenses  the  beam 
is  expanded  and  parallelized.  To  obtain  optimum  ho¬ 
logram  quality,  special  windows  for  the  test  section  of 
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the  shock  tube  were  used.  Background  light  was  re¬ 
duced  by  a  red  filter  as  well  as  by  a  shutter  placed 
in  front  of  the  holographic  plate.  No  additional  o|>- 
tics  between  the  droplets  and  the  plate  were  used.  All 
magnifications  were  done  in  the  reconstruction  unit 
since  this  leads  (Rath,  Wiegand,  Winandy  1988)  to 
better  contrast  results.  The  holograms  were  recorded 
on  Agfa-Geveart  8E75  HD  holographic  plates  and  then 
developed  with  Refinal  developer  as  amplitude  holo¬ 
grams.  The  evaluation  of  the  developed  holograms  is 
done  with  a  three  dimensional  micropoaitioning  de¬ 
vice  connected  with  an  image  processing  system.  The 
droplet  shapes  were  examinated  on  a  monitor  in  the 
undeformed  (first  laser  pulse)  as  well  in  the  deformed 
state  (second  laser  pulse).  The  arrangement  for  the  re¬ 
construction  is  given  in  figure  2.  A  helium  neon  laser 


Figure  2;  Reconstruction  arrangement  (1  hologram 
plate,  2  aperture,  3  objective,  4  videocamera,  5  micro¬ 
positioning  device,  6  control  of  the  stepping  motor) 

is  used  as  light  source.  The  beam  is  spatially  filtered. 
After  passing  the  pinhole  the  beam  is  parallelised  by 
using  a  combination  of  a  concave  and  convex  lenses. 
The  light  then  passes  the  hologram  plate  and  provi¬ 
des  a  real  image  behind  and  a  virtual  image  of  the 
droplets  in  front  of  the  plate.  The  three  dimensional 
micropositioning  device  allowed  to  move  the  hologram 
plate  so  that  the  real  image  is  projected  by  means  of 
an  objective  onto  the  target  of  a  videocamera.  The 
resulting  image  which  is  enlarged  200  times  (depen¬ 
ding  on  the  distance  of  the  objective  and  the  video¬ 
camera)  then  allows  the  examination  of  the  particle 
shapes.  Even  in  in-line  holography  there  are  speckle¬ 
like  distortions  which  have  a  not  negligible  intensity 
level.  By  means  of  a  small  aperture  between  the  holo¬ 
gram  plate  and  the  objective  it  was  possible  to  reduce 
these  speckles.  With  the  three  dimensional  micropo¬ 
sitioning  device  it  is  possible  to  focus  every  droplet 
falling  in  the  shock  tube  and  store  the  spatial  position 
they  had  at  the  moment  of  the  laser  pulses.  The  dro¬ 
plets  do  not  maintain  their  depth  coordinate  (in  laser 
beam  direction)  during  their  falling  and  acceleration. 


This  was  the  main  reason  why  we  choose  in  line  ho¬ 
lography  for  visualising  the  particles  instead  of  direct 
photography.  Filters  which  were  positioned  before  the 
pinhole  served  to  optimise  the  contrast  and  brightness 
of  the  holograms. 

3.  CHARACTERISTICS  OF  THE  SHOCK  TUBE 
FLOW 


The  intepretation  of  our  optical  displacement 
data  in  terms  of  drag  coefficient  first  requires  a  quan¬ 
titative  knowledge  of  the  post-shock  flow,  espeually 
its  time  dependence.  In  an  ideal  shock  tube  the  di¬ 
stance  between  shock  front  and  contact  surfaces  in¬ 
creases  with  distance  from  the  diaphragm.  In  the  real 
shock  tube,  however  the  wall  boundary  layer  acts  as 
a  mass  sink.  This  causes  an  acceleration  of  the  con¬ 
tact  surface  and  a  deceleration  of  the  shock  front  thus 
reducing  the  distance  /  below  the  ideal  value.  The  se¬ 
paration  will  attain  a  limiting  maximum  value  Im-  At 
this  limiting  condition  the  shock  and  contact  front 
move  with  the  same  velocity.  In  the  literature  (Mi- 
rels  1966)  a  laminar  and  a  turbulent  boundary  layer 
is  treated.  When  a  shock  wave  propagates  through  the 
nearly  saturated  vapour  the  passage  of  the  front  cau¬ 
ses  condensation  at  the  wall  of  the  shock  tube.  A  thin 
liquid  film  is  formed  which  acts  like  the  wall  boun¬ 
dary  layer  as  a  sink.  This  effect  was  investigated  by 
Luger  (1990).  The  theoretical  description  is  analogous 
to  the  one  by  Mirels  (1966).  Let  us  consider  a  moving 
frame  of  reference  in  the  limiting  case  moving  with 
the  velocity  u«  of  the  shock  front.  By  this  way  we  can 
eliminate  the  time  from  all  equations  and  instead  of  a 
transient  problem  we  obtain  a  stationary  description. 
In  this  shock  stationary  coordinate  sjrstem  the  wall 
moves  with  the  velocity  u,  which  equals  the  shock  ve¬ 
locity  in  the  laboratory  system.  The  Mach  number  of 
the  flow  immediately  behind  the  shock  front  is  given 
by  the  equation  (Mirels  1966) 


= 


(T-l)M,^-t-2 

27M*-(7-1) 


(1) 


where  M,  is  the  Mach  number  of  the  shock  wave  pro¬ 
pagation.  The  advantage  of  the  moving  frame  of  re¬ 
ference  is  that  the  Mach  number  in  the  post  shock 
region  is  expressed  by  the  parameter  ///m> 


(2) 

where  the  parameter  n  is  1/2  for  the  laminar  and  4/5 
for  the  turbulent  wall  boundary  layer.  Luger  (1990) 
found  that  n  =  1/2  describes  well  the  case  of  conden- 
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In  figure  5  resulting  density,  pressure  nnd  temperature 
profiles  are  listed.  These  variables  of  state  are  import- 


sation.  He  also  showed,  that  the  convmtional  boun¬ 
dary  layer  effects  are  negligible  in  comparison  with 
the  effects  due  to  wall  condensation.  With  a  coordi¬ 
nate  transformation  <  =  l/u«,  it  is  possible  to  obtain 
the  time  dependence  from  the  distance  parameter  I- 
This  means,  that  in  the  laboratory  frame  of  reference 
the  gas  will  accelerate  until  it  reaches  the  velocity  of 
the  shock  front.  In  figure  3  a  fit  of  the  velocity  behind 
the  shock  wave  to  the  LDA  data  obtained  from  Luger 
(1990)  is  shown.  Obviously  the  particle  velocity  ex- 
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Figure  3:  Post  shock  velocity  fitted  to  LDA  data,  M,  = 
1.61,  Dp  =  20.3pm 

ceeds  the  velocity  ua«  immediately  behind  the  shock 
front.  We  establish  a  simple  phenomenological  descrip¬ 
tion  for  the  limiting  case,  which  is  quasi-stationary  in 
the  m( -ving  frame,  but  nonstationary  in  the  reality.  In 
figure  4  data  of  Im  dependig  on  the  Mach  number  are 
shown  for  the  wall  condensation  case.  The  turbulent 


Figure  4:  Limiting  case  parameter  Im  in  dependence 
on  the  Mach  number 

boundary  layer  case  is  plotted  just  for  comparison,  but 
turbulence  can  be  excluded  at  our  low  Mach  numbers. 


Figure  5:  Dimensionless  variables  of  state  versus  time 
in  the  post  shock  region,  M,  —  \  .61 

ant  for  the  calculation  of  the  local  Reynolds-  and  We¬ 
ber  numbers. 

4.  DRAG  MEASUREMENTS 

Many  studies  have  been  dedicated  in  the  past 
to  the  drag  coefficient  of  spberes  in  a  fluid  flow.  In 
more  recent  work  of  Temkin,  Kim  (1980)  and  Luger 
(1990)  on  droplets  the  Weber  number  is  fc^t  low  to  ex¬ 
clude  deformation  effects.  Temkin  and  Kim  show  that 
the  forces  on  a  sphere  do  not  depend  on  the  Reynolds 
number  alone  but  the  drag  coefficient  depends  also  on 
the  relative  acceleration  between  fluid  and  sphere.  In 
an  other  study  of  Mulholland,  Srivastava  and  Wendt 
(1988)  the  influence  of  droplet  spacing  on  the  drag  co¬ 
efficient  is  determined.  In  our  investigation  we  assume 
that  all  these  dependences  are  negligible  when  the  We¬ 
ber  number  is  high  enough.  Our  experiments  were  per- 
formend  in  an  interval  3.6  <  We  ^  39.2.  Temkin  and 
Kim  (1980)  assumed  We  =  0.15  as  the  limiting  value 
below  which  deformation  is  no  longer  significant.  Alt¬ 
hough  the  test  conditions  of  Reinecke  and  Waldman 
(1975)  were  different  some  similarities  in  the  results 
were  observed.  In  Reinecke  and  Waldman  the  expe¬ 
riments  were  performend  in  air  with  higher  pressures 
and  stronger  shock  wave  velocities.  As  shown  in  figure 
6  a  plot  of  dimensionless  displacement  X  and  dimen¬ 
sionless  time  T  has  the  same  character  in  our  case.  X 
and  T  are  defined  as  follows  (Reinecke  and  Waldman) 


with  Xp  being  the  displacement.  Dp  the  diameter  and 
Pi  the  density  of  the  particle.  The  density  p2,  and 
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Figure  6:  Dimensionleas  diaplacemeat  data  of  the  dro¬ 
plets 


velocity  u^,  describe  the  state  just  behind  the  shock 
front.  The  data  of  our  investigation  are  lower  than  in 
the  literature  and  this  may  be  caused  by  deformation. 
The  curve  was  fitted  by  least  square  method.  Another 
possibility  to  get  the  x-t  diagram  of  one  particle  is  to 
solve  the  equation  of  motion  of  one  droplet 


(4) 


Here  is  rop  the  mass  of  the  droplet  nip  =  (r/6)D^p(, 
Up  the  absolute  velocity  vector  and  P  the  vector  of 
external  forces  (gravitation  and  wind  force)  which  act 
on  the  particle.  Since  in  our  experiments  the  droplets 
and  the  surrounding  fluid  are  in  motion,  it  is  convini- 
ent  to  use  the  relative  velocity  between  fluid  and  par¬ 
ticle  We  obtain  for  the  horizontal  vector  component 
n  following  equation  of  motion 


dup  3 


lu-UpKw-Up) 


(5) 


(6) 


We  can  see  that  the  right  hand  side  of  this  differen¬ 
tial  equation  depends  on  the  state  in  the  post  shock 
region  characterized  by  the  parameter  To  solve 
this  equation  of  motion  we  assume  a  drag  coefficient 
proportional  to  the  standard  drag.  The  standard  drag 
coefficient  is  given  by 


where  He  =  |u  —  iip|  DpPi/ti.  As  shown  in  figure  7  we 
fitted  the  parameter  k  of  Cd  =  kcd,  to  the  measured 
Zp-tp  point  of  our  experiment.  In  our  calculation  we 
used  within  the  relative  velocity  |u  —  Up|  also  a  con¬ 
tribution  resulting  from  the  vertical  exit  velocity  from 
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Figure  7:  Particle  trajectories  for  one  experiment  with 
various  drag-coefficients 


the  vibrating  orifice 

Up  =  lu  -  u,l  =  \jvl-^{u-i-up)^  (8) 


3  £)? 


where  /  is  frequency  of  the  vibrating  orifice  and  D,  is 
the  orifice  diameter.  Experiments  show  that  the  pres¬ 
sure  of  26  mbar  in  the  shock  tube  before  shock  pas¬ 
sage  didn’t  decelerate  appreciably  the  vertical  velocity 
of  the  particle.  Figure  8  shows  the  dependence  of  the 
factor  k  on  the  Weber  number.  Like  Luger  (1990)  we 


Figure  8:  Dependence  of  the  drag  coefficient  on  the 
initial  Weber  number  immediately  behind  the  shock 
front 

observed  an  increase  of  the  drag  coefficient  with  the 
Weber  number.  Figure  9  shows  the  Weber  number  and 
the  Reynolds  number  during  the  shock  passage-  The 
relaxation  zone  of  the  post  shock  region  is  calculated 
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at  any  time.  With  the  actual  particle  velocities  the  re¬ 
lative  velocity  can  be  calculated. 


time  ()is| 

Figure  9;  Reynolds^  and  Weber  numbers  in  the  post 
shock  region 

5.  FRAGMENTATION  AND  DEFORMATION  SHA¬ 
PES 

For  our  investigation  we  use  water  droplets 
which  are  surrounded  with  nearly  saturated  vapour. 
After  shock  passage  however,  the  fltud  is  not  in  phase 
equilibrium.  In  our  case  the  external  fluid  motion  as 
well  as  the  interface  are  afiiected  by  the  presence  of 
condensation  of  water  vapour  onto  the  droplets  sur¬ 
face.  This  may  be  the  cause  why  we  found  a  diflferent 


Figure  10:  Vibration  of  a  139/im  drop  at  We  =  10  8 
and  57.2/is  after  shock  passage.  With  double  expos¬ 
ure  technique  the  undeformed  (left)  as  well  as  the  de¬ 
formed  shape  (right)  are  available.  The  shock  wave 
travels  from  left  to  right. 

deformation  behaviour  (Reinecke  and  Waldman  1975) 
las  compared  to  water  drops  in  air.  The  results  of  our 
studies  cover  a  relatively  wide  range  of  Weber  numbers 


(3.6  <  We  5"  39. from  the  deformation  threshold 
up  to  fragmentation.  For  the  critical  Weber  number 
we  found  larger  values  as  compared  to  other  studies 
(Reinecke  and  Waldman  1990,  Simpkins  1971,  Hanson 
1963).  Figure  10  shows  that  even  at  a  Weber  number  of 
10.8  an  oscillation  without  break  up  of  the  drop  could 
be  observed.  The  undeformed  particle  is  also  available 
by  the  double  exposure  technique  used  for  these  stu¬ 
dies.  For  intermediate  Weber  numbers  similar  break 
up  mechanisms  as  in  Hassler  (1970),  Andersen  (1965), 
Patel  (1981)  and  Engel  (1958)  could  be  observ^,  alt¬ 
hough  our  droplets  are  much  smaller  in  size.  Figure 


Figure  11:  The  bag  break  up  of  a  120/im  drop  begins 
86.6/rs  after  shock  passage  at  We  =  15 

11,  12  and  13  show  the  classical  bag  break  up  which 
in  our  case  occurs  at  Weber  numbers  around  15.  This 
is  slightly  less  then  described  in  Reinecke  and  Wald¬ 
man  (1975),  where  the  water  drops  are  immersed  in 
air  and  the  bag  break  up  is  estimated  for  Weber  num¬ 
bers  around  20.  At  higher  Weber  numbers  (We  as  35) 
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Figure  12:  Bag  break  up  of  a  120/im  drop  at  95.4/is 
after  shock  passage  at  We  =  15 


complex  movement  of  the  whole  droplet  could  be  ob¬ 
served  which  is  different  from  what  one  knows  from 
the  parachute-like  shapes  of  droplets  in  air.  The  for¬ 
mation  of  long  and  fine  whiskers  from  local  surface 


34.4.6. 


Figure  14  -.  Formation  of  jet-instabilities  on  the  surface  of  a  231 .6/im  water  droplet  at  We  —  39.2  and  161 .2/is  after 
shock  passage 


Figure  13;  Bag  break  up  of  a  120/im  drop  at  104. 2^s 
after  shock  passage  at  We  =  15 


Figure  15:  Spiral  forming  jet-instability  of  a  115.8/im 
droplet  at  We  =  32.4  and  148/is  after  shock  passage 


instabilities  Ls  very  characteristic  for  this  range  of  We¬ 
ber  numbers.  These  whiskers  then  break  up  into  very 
small  individual  droplets.  This  means  that  we  have 
found  a  kind  of  stripping  mode,  i.e.  break  up  into  dro¬ 
plets,  which  are  very  much  smaller  than  the  host  dro¬ 
plet,  but  already  at  small  Weber  numbers  (the  classi¬ 
cal  stripping  mode  typically  is  at  Weber  numbers  of 
1000  as  described  in  Reinecke  and  Waldman  1975). 
Figure  14  shows  an  example  for  this  situation.  In  fi¬ 
gure  15  the  whisker  forms  a  kind  of  spiral  which  means 
that  the  flow  around  the  droplet  is  very  complex.  The 
double-exposure  technique  furthermore  allowed  to  mo¬ 
nitor  the  displacement  of  the  droplets.  This  gives  in¬ 
formation  on  the  total  effective  drag  force  in  the  case 
of  strongly  deformed  droplets  (see  figure  8).  Such  in¬ 
formation  should  be  of  relevance  to  many  technical 
droplet-in-vapour  flows.  As  could  be  expected  the  cor¬ 
responding  drag  coefficient  drastically  differs  from  the 
standard  drag  curve. 


6.  CONCLUDING  REMARKS 

Our  investigation  shows  that  small  water  drops 
when  accelerated  by  their  own  vapour  show  in  some 
respect  a  different  behaviour  than  do  droplets  in  air.  A 
fragmentation  mode  with  spirad  form  jet-instabilities 
could  be  observed.  It  may  be  assumed  that  these  jets 
are  caused  by  complex  interface  motions  in  the  pre¬ 
sence  of  mass-exchange  at  thermodynamic  states  far 
from  phase  equilibrium.  For  lower  Weber  numbers  we 
observed  the  same  bag  type  break  up  as  described  in 
the  literature  for  droplets  in  air.  The  deformation  of 
droplets  in  their  own  vapour  is  also  accompanied  by 
an  drastic  increaise  of  the  drag  coefficient. 
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ABSRACT 

Absolute  measuremeats  in  unit  opentions  on 
single  subnnllimiter  particles  ate  made  possible  by  the 
applicatioo  of  Laaer-Ooppler  anemomepy  to  an 
electrodynaniic  balance.  The  flow  field  of  tbe  gu  inside 
the  faypertxrioidal  diamher  of  die  halanrc  is  duoacteiued. 
Cigarette  smoke  is  used  as  a  tracer.  Gas  velocity  profiles 
are  measured  in  tbe  tempenture  range  293-620  K.  A 
direct  utilization  of  the  results  fijr  measuring  the  absolute 
aerodynamic  drag  force  exerted  on  a  48  |im  spherical  i^ass 
partide  by  a  gas  at  any  given  velocity  is  dnwn. 


1.  INTRODUCTION  AND  PURPOSE 

In  the  study  of  die  treatment  of  aofids  or  drops  in 
conventional  apparatuses  some  parameten  are  diffiodt  to 
be  properly  taira  into  account  Tfab  spedaOy  OCCUR  when 
analyst  results  fiom  unit  operadans  on  populations  of 
partides  where  heat  and  mass  transfer  mteractions  may 
hinder  the  interpretation  of  experimentd  data  collected. 
For  instance,  in  gas  and  vapour  adsorption  on  aofids, 
evolution  of  heat  on  sorption  and  cording  on  desorption 
could  residt  in  a  time-dipendent  drift  of  sorption  equflibtia 
(Gr^  and  Siig,  1982) 

The  use  of  tbe  dectiodymmic  balanoe  as  a  tool  fix' the 
analytis  of  momeotiim  and  mass  transfer  phenomena 
between  gas  and  partides  or  rirops  has  recently  come  iqi 
to  the  attention,  tt  die  batance  is  able  to  hold,  by  means  rtf’ 
efectric  fields,  a  aingie  partide  suspended  in  space  (Davis 
and  Ri^,  198(X  Spgut  et  al.,  1985,  1986,  Cohen  et  aL, 
1987;  Sr^eev  Grate  et  al.,  1987;  Dsns  et  al.,  1987).  By 
continuous  rteteraanation  gas  flow-rate  and  weight  and 
size  of  die  levitated  partide,  ilirect  measurements  ^  mass 
fluxes  and  evaluation  oS  momentum  and  mass  transfer 
coe£Bcients  are  possflile.  As  a  simple  application,  the 
study  of  tbe  drag  ftMce  exerted  on  redid  partides  by  a  gas 
msy  be  simply  performed  at  any  condtion,  sinoe  die 
particle  can  be  indefinitdy  kqit  levitated  inaide  the 


fJiMihw  Measurenaents  of  drag  fiaoes  in  hot  gas  streams 
from  rcacton  or  of  mass  transfer  coefficients  in 

the  qx^^drying  of  fixid  are  typical  fields  where  new 
ina^htt  could  be  expected . 

Ifoiwevcr,  the  peculiar  configuration  of  the  measuring 
oeO  does  not  allow  for  a  predictian  nor  a  simple  evaluation 
of  the  local  gas  vetodties.  hforeover,  no  imniaive 
ineasuremem  techniques  can  be  used,  as  they  would 
influence  the  gu  vdodty  profiles  wife  respect  to  the 
tipical  size  of  die  suspended  partides  (less  thn  200  pm). 
As  a  matter  rtf' feet,  inifirect  calibrations  by  standard  sofids 
have  been  used  in  the  past  works  to  estimate  a  cell 
BnMtMit  somdKrtv  rdated  to  die  gas  velocities  (Davis  et 
aL,  1987;  tfAmore  et  al.,  1988) 

The  laser-doppier  anemometry  in  tbe  spedal 
arrangement  here  adof^  qipean  to  be  a  vahiable  way  to 
overcome  the  expcriinental  difficulties  and  to  characterize 
die  flow  field  in  the  chamber,  at  the  difibrent  operating 
ornfiiinna  Thtt  wctk  ahns  at  demonstrating  diat 
application  rfLDA  to  the  electrodynamic  balance  leads  to 
an  unique  experimental  apparatus  for  studying  beat,  mass 
and  momentum  transfer  mechanisms  betweCT  partides  and 
fluids 


2.  EXmUMENTAL 

2.1  Apparatus 

A  schematic  view  of  the  whole  experimental 
apparatus  is  shown  in  Fig.  1. 

The  dectrodynamic  chamber  (Wuerker  et  al., 
1959;  Davis  and  Ray,  1980;  Pbifip,  1981;  Sp^  1985) 
conaistt  of  three  dectrodes  in  an  hyperbdoidal 
conjuration.  The  diamber  creates  a  dyauBic  dectrk 
field  cqiaUe  td*  suspending  a  single,  diarged  partide.  The 
AC  or  ting  electrode  (  6  )  provides  latetal  stabffity  to  the 
partide  throu^  an  impoaed  AC  field  oscillating 
sinusoidally  d2000  volts  at  100  Hz.  The  DC  top  and 
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Fig.  1  -  The  experimental  apparatus 

bottom  electrode  (  3  )  provide  vertical  stability  by 
balancing  the  gravitadonal  force,  thus  stably  suspending 
the  charged  paitkle  at  the  chamber  center.  The 
diaiacteristic  k»^  (tf  foe  baianoe  used  in  fob  work  is  4 
mm,  that  means  that  foe  distance  between  foe  two  DC 
deotrodes  b  8  mm  and  foe  internal  diameter  ot  foe  ring 
electrode  b  sVZnan  (d* Amore  et  aL,  1988).  A  section  cf 
foe  i^petboloidal  dmmber  b  reported  in  2.  Three 
oou|des  of  DC  electrodes  have  been  used  in  fob  work, 
having  S,  2.5  and  1.5  mm  holes,  respectively,  dtified 
dnough  for  foe  gas  flow  path.  A  spedaly  designed 
microscope  (  8  ),  a  videocamera  (  9  )  and  an  kn^ 
processing  system  allow  for  sning  and  position  controlling 
of  foe  levitated  particle.  The  four-lenM  objedve  (  7  ) 
provides  a  high  magnification  together  with  a  great  fiscal 
len^  (0.110  m),  so  as  to  have  no  lenses  insetted  in  foe 
ring  dectrode.  The  image  of  foe  suspended  partide 
captured  by  the  la^  resolution  videocamera  (  9  )  b  sett 
to  a  digitizer.  A  devdoped  software  fior  image  atmlyss 
folfows  position,  motion  and  size  of  foe  partide,  and  ke^ 


center  by  a  PID  coinrolicr  acting  on  the  DC  auppfy.  Mass 
flow  controllers,  and  special  electrical  beatm  (  4  ) 
coupled  by  a  tempentitre  controller  (  2  )  make  possUe  to 
operate  the  balanra  in  controlled  atmnsfliera. 


An  Ar-km  laser  (Coberen^  famova  90,  4W  nominal 
power)  coupled  to  an  opti^  and  electroiiic  groig) 
(Dantec,  Flow  Velocity  Arndyaer)  b  used  fiv  die  hner- 
doppler  anemometry  (Fig.  1,  Bi^  1).  The  measuring 
vobme  b  obtained  interaection  of  two  fiequency- 
dnfted  laser  bemns,  adducted  to  the  dectrodynamic 
center  through  a  2.5  mm  hole  diflied  in  foe  ring 
electrode.  The  beams  are  generated  by  an  haagiated 
optical  units  and  brought  to  the  apparatus  by  optical  fibers 
(  1 ).  The  scattered  signal  b  aoqitired  by  the  same  device 
and  then  oomputer-procesaed  fonn^  a  defocated 
software. 

Cigarette  smoke  b  used  as  a  tracer.  The  anaoke  b 
generated  by  a  soMking  martiiir  (E^l,  Block  2) 


conasting  in  a  flaak  connected  to  a  vacuum  pump  on  one 
side  and  a  cigarette  holder  on  the  other  sick.  After  the 
pump  has  evacuated  the  flask,  the  cigarette  is  connected 
and  “smoked*.  Two-way  dectrovalves  then  the 

path  of  the  gas  flowing  to  the  balance,  letting  is  pass 
through  the  flask.  The  smoke  produced  is  conveyed  to  the 
measuring  ceil,  and  its  tracing  effect  fe  satisfiKtory. 


Fig.  2  -  Section  of  the  dectrodynamic  balance 


2.2  Techniques 

In  the  drag  force  runs,  a  particle  is  hgected  iitto 
the  balance  by  a  syringe.  Particle  ciiargiog  by  tribo  or 
flictional  elec&ificadon  occun  naturally.  Chan^  in  the 
gas  flow  rate  tend  to  move  the  partide  from  the  chamber 
center,  where  electrical  and  gravity  force  are  in 
equiUbriunL  The  particle  is  brought  back  to  the  center  by 
changing  the  DC  voltage,  i.e.  the  electrical  fince  exerted 
on  h.  The  new  balancing  voltage  is  then  recorded  and 
furtherly  processed  to  obtain  the  aerodynanac  drag  ftttce 
as  a  furiction  of  the  gas  flow  rate. 

After  the  smoke  has  been  produced,  a  controlled 
gas  flow  rate  is  passed  through  the  flaak  and  then  is 
adducted  to  the  balance  ft>r  laser-doppler  anemometry.  A 
long  caiibtated  tube  ensures  the  fully  deveiopinent  of  the 
gas  flow  before  the  entrance  in  the  hypctboloidal  diafober. 
By  means  of  microslides,  the  laser  beams  entering  the 
chanfoer  are  aligned  so  as  to  have  their  intersection 
tunning  on  the  horizontal  siiiBnetty  plane  of  the 
hyperboloidal  chamber.  In  a  typical  run  the  650  pm 
measuring  volume  generated  the  beams  is  brought 
twice  back  and  forth  alor^  the  diamber  diameter. 
Meaaurmnem  poims  are  spaced  O.S  mm  from  each  other. 


Gas  velocity  profiles  along  the  chamber  diaineter  have 
been  measured  at  gas  flow  rate  o( 4.6S,  9.30, 13.95,  18.60 
cnP/s  and  at  gas  temperabite  of  293, 400,  460  and  620  K 
for  the  three  DC  electrode  couples  mdicated  drove.  At 
each  operating  cnnditkai.  measurements  of  the  centerline 
gas  velocity  as  a  fimctiao  of  the  gas  flow  rate,  in  the  range 
0-37.20  c^/s  have  been  also  perfrxmed. 


3.  RESULTS  AND  DISCUSSIONS 

3.1  Aerorfynamic  drag  frrrce 

A  frrrce  balance  on  a  particle  in  equifibrium  in  the 
chamber  in  abaenoe  of  gas  flow  gives; 

n>g*qE  (1) 

where  mg  is  the  gravity  fbrce,  q  the  charge  on  the 
parfrde,  £  the  dectric  fi^  strenght  in  a  verdcd  upward 
direction.  The  electric  field  in  the  vertical  direction  in  an 
dectnxfynamic  balance  is 

E-CVi/zo  (2) 

where  V]  is  the  DC  voltage  across  flte  verticd  electrodes 
requiied  to  balance  the  levitated  particle,  C  the  chamber 
constant,  and  zq  the  characteristic  lenght  of  the  chamber. 
In  presence  of  a  gas  flow  fipom  downward  direction,  the 
force  balance  modifies  as  fitOows: 

mg*=Fd  +  qCV2/zo  (3) 

where  Fj  is  the  aerorfynamic  drag  force  acting  in  verticd 
direction,  and  V2  is  the  new  balandi^  voltage.  By 
combining  eqs.  (I),  (2)  and  (3)  h  is  obtained  : 

Fd  V2-V, 

-  =  -  (4) 

mg  V] 

if  the  Reynolds  nuihber  is  for  less  than  1,  Stokek's  law 
bolds,  and  the  drag  fiaoe  can  be  expressed  as 

Fd<=3a(4iv.  (5) 

where  p  is  the  gas  viscosity,  d  the  particle  diameter  and  v 
is  the  gas  velocity . 

From  equations  above,  one  would  expect  a  linear 
relationship  between  ftw  quantity  F^mg,  i.e.  the  fiactkmal 
virtual  weight  reduction  of  tte  particle,  and  the  gas 
vdodty,  i.e  the  gas  flow  rate  for  a  ^ven  section. 
However,  results  repotted  in  Fig.  3  for  a  48  um  spherical 
glass  particle  show  a  relat!>  ^  frr  from  being  hnw. 
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Fig.  3-  Nomulized  aerodynaniic  drag  force  as  a  function 
of  the  gas  fow  rate. 

Paitide  diameter  =  48  pm. 

Temperature  run  =  300  K 

3.1  Laser  doppler  anemometry 

Figure  4  reports  the  gas  velocity  profiles  aloi^  a 
chamber  diameter  measured  by  laser-dop^  anenoometty 
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Fig.  4-  Gasvdodty  profiles  at  various  flow  rates 
Hole  diameter  in  the  DC  electrode:  Smm 
O  Q  =  4.65  cm^/s;  □  =  9.30 
A  =  13.95  0  =  18.60 


at  fi>ur  diflercnt  gas  flow  rates.  The  hole  in  the  DC 
electrodes  is  5mm.  Before  any  analysis,  a  mass  balanoe  has 
been  done  on  the  gas  flow  to  check  the  refifoility  of  the 
gas  velocity  values  measured.  If  v(r)  is  the  gas  velocity  at 
a  given  chamber  radius  r,  and  R  is  the  diambcr  ratfius, 
then; 

Qg=  I  v(r)rdr  (6) 

Jo 

where  Qg  is  the  gas  flow  rate  calailated  by  means  of  die 
hiiw  doppler  anemometry  tesiilts.The  difference  beteween 
the  calculated  values,  and  die  measured  gas  flow  rates  fed 
to  the  rfiamlwr  have  been  fixmd  in  the  order  of  2-3  %. 

Curvature  of  the  profiles  at  the  axis  of  the 
huinTf-  where  particles  are  suspended,  is  such  diat  the 
profile  can  be  considered  flat  with  respect  to  the  particie 
aze.  The  inflection  pomts  shown  by  the  curves  indicste 
that  a  sinsple  taminar  flow  assumption  does  not  r^ipiy  in 
this  case,  in  spite  of  the  very  low  Reynolds '  nunfeers. 
Moreover,  the  strong  decrease  of  the  gas  velocity  near  the 
ting  electnode  walls  suggests  that  a  gas  redrailarion  could 
occur  at  lagiv*  flow  rates.  This  would  mean  a  more  than 
linear  increase  of  the  centerline  gas  velocity  fiv  an 
increaaii^  flow  rate. 

Figure  5  reports  the  gas  velocity  profile  obtained  with  a 
DC  dectrode  coufde  with  a  2.5  mm  hole,  at  a  gas  flow 
rate  of  13.95  cm^/s. 
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Fig.  5  -  Gas  vdocity  profile  at  flow  rate  Q  =  13.95  cnP/s 
Hole  diameter  in  the  DC  etoctrode;  2.5inm 
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As  the  gas  outlet  sectkm  at  the  bottom  DC  dectrode  is  4- 
times  smaller  than  the  one  of  the  previous  tuns  (Fig.  A), 
the  gas  emer  the  cusmher  at  a  higher  velocity.  The  gas 
redreulation  above  meotioued  is  now  more  evident.  It  has 
to  be  poined  out  die  greater  significance  of  the  mass 
balance  venfication  by  eq.  (6),  since  the  tremendous 
increase  in  the  downwind  flow  rate.  Note  that  dm  greater 
the  radius,  the  higher  is  the  section  availdtie  for  the  gas 
flow.  A  trivial  approach  to  the  fluid  dynanacs  inside  the 
hyperboioidal  chamber  could  be  to  it  out  as  a 
boundary-layer  flow  in  a  channel  with  small  angle  of 
divergence  (Schlichtii^  1979).  The  oondhian  fix'  the 
avoidance  of  bade  flow  at  the  wall  in  a  divergent  tube  of 
radius  R(z)  was  fixmd  to  be  dR/dz  <  where  is 
the  Reynolds  number  leftned  to  the  mean  velocity  of  &w 
thrm^  the  channd  an  to  its  diameter.  The  condition 
above  is  verified  for  the  tuns  in  4,  whereas  it  does  ixx 
hold  for  the  tun  reported  in  Rg.  S.  As  a  matter  of  &ct  the 
figure  does  show  a  fufly  developed  back  flow . 

Figure  6  shows  the  gas  velocity  profiles  measured 
in  hot  conditions,  being  the  temperature  profiles  along  the 
vertical  axis  of  the  whole  balance  very  flat. 


reported  as  a  functioo  of  the  gas  flow  rate  in  Fg.  7.  The 
non  shown  in  the  curve  confirms  the 

■xtirawntm  above  that  4  distottioo  in  the  velocity  profiles 
holds  when  flow  rate  inernaaes . 
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Fig.  6-  Gasvdodty  profiles  at  various  temperatures 
Gas  flow  rate  Q  =  18.60  cm^/s;  Hole  diameter 
in  the  DC  electrode;  5mm 
O  T=  300K;  A  =  390  K; 

The  centerline  velocity  increases  more  than  expected, 
suggesting  that  bade  fttw  at  the  chamber  walls  may  piqr  a 
m^r  role  under  those  experimental  conditioos. 

The  centerliiK  vdodties  measured  in  cold 
conditions  with  a  S  mm  hole  in  the  DC  electrode  are 


Fig.  7  Ceidetline  gas  velocity  as  a  fimetioo  of  gas  flow  rate 
Hole  diameter  in  the  DC  dectrode  -  5  mm 
Temperature  tun  300  K 

Nevertheless,  the  knowlei^e  of  the  gas  velocity 
profiles  inside  the  dunnber  allows  to  get  rid  of  any 
compBcationofthe  fluid  dynamics.  AprorfisinRg.  8, 


V  centerline  /  (cm/s) 


Fig.  8  -  Normalized  aerodynamic  drag  force  as  a  function 
of  the  centerline  gas  velocity. 

Particle  diameter  =  48  pm. 


34.5.5. 


where  the  drag  fooe  results,  already  repotted  in  in  Fig.  3. 
are  now  analysed  in  terms  ci  the  true  absolute  gu  velocity 
at  the  chamber  centeriine.  It  can  be  seen  that  a  linear 
relationship  holds,  as  expected.  Note  that  each  point  in  the 
plot  is  representative  of  an  experimental  measurement  at  a 
given  gas  velocity. 


4  CONCLUSIONS 


The  dectrodynamic  balance  has  already  been 
used  in  the  study  of  the  unit  operatioas  in  chemical 
engineering,  for  its  special  feature  of  being  a  smt  of 
imcroreactor  for  single  pardde  openttions.  However,  a 
greater  chance  is  offered  by  its  "^  *!***£  «>  the  laser- 
doppler  anemometry,  as  h  amy  be  now  possMe  to  gather 
absolute  data  for  many  parameters  of  interest  in  the  uint 
operatioos  on  solid  and  liquid  particles.  The  study  of  drag 
force  on  differently  shaped  particles,  either  at  extremely 
low  Reynolds  munber  or  fer  beyond  the  terminal  vdochy, 
where  relationships  found  in  literature  ”«eEr*r  corrections 
to  the  drag  coefficient  (Clift  et  aL  1978),  and  in  cold  and 
hot  conditions  ,  and  the  analysis  of  dependence  of 
momentum  and  mass  transfer  coeffidems  on  local  velocity 
for  difiBsent  partkle  sizes  are  some  oS  the  pronusng 
applications  of  this  LDA-assisted  dectrotfynamic  balance. 
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ABSTRACT 

Thermal  spraying  is  an  expanding  technology  with 
growing  markets.  Especially  the  variety  of  plasma 
spraying  techniques  offers  a  number  of  possibilities  for 
new  and  advanced  applications.  The  spraying  of 
sophisticated  materials,  the  demand  for  generating 
coating  structures  or  substrate/coating  combinations 
with  novel  properties  and  the  improvement  of  the 
spraying  efficiency  require  a  more  detailed 
understanding  of  the  physical  and  chemical  reactions 
inside  the  plasma,  in  order  to  achieve  an  appropriate 
process  control.  The  present  paper  demonstrates  that 
phase-Doppler  anemomctry  (PDA)  is  applicable  as  a 
powerful  tool  for  process  diagnostics  in  plasma 
spraying.  Yielding  simultaneous  measurements  of 
particle  size  and  velocity  at  discrete  locations,  the 
PDA'technique  generates  new  possibilities  to 
characterize  and  further  improve  the  spraying  process. 

1.  INTRODUCTION 

Thermal  Spraying  is  a  multitask  coating  process  in 
modem  surface  technology.  Plasma  spraying,  initially 
developed  for  the  aerospace  industry,  is  one  of  the 
youngest  but  also  most  universal  thermal  spray 
processes  (Busse,  1988).  The  heat  source  for  the 
processing  of  materials  with  high  melting  points  (oxide 
ceramics,  carbides,  borides,  nitrides,  siliddes)  is  a 
plasma  jet,  exceeding  temperatures  between  6000  K  and 
20  000  K.  However,  also  low  melting  materials  could  be 
sprayed  with  this  technique  achieving  high  deposition 
rates  (iMgscheider  el  al.  1991).  The  plasma  gun  consists 
mainly  of  two  electrodes.  A  rod  shaped  tungsten 
cathode  is  located  inside  a  coaxial  copper  ring  anode.  A 
high  frequency  ignition  forms  an  arc  between  the 
electrodes.  By  excitation,  dissociation  and  ionization  of 
the  fluidizing  gas  between  the  electrodes  a  4-5  cm  long 
plasma  free  jet  is  generated,  exiting  the  nozzle  at  very 
high  velocities.  Applicable  gases  are  Nitrogen,  Argon, 


Helium  and  Hydrogen,  and  also  mixtures  of  two  w 
more  of  these  gases.  The  gun  parts  are  water  cooled  to 
sustain  the  high  operation  temperatures  and  to  avoid 
melting  of  the  electrodes.  Particles  are  injected  into  the 
plasma  jet,  heated  up,  accelerated  towards  the  substrate 
and  finally  deposited  forming  a  functional  layer 
(Herman,!^).  Many  experimental  efforts  have  been 
made  to  characterize  the  spraying  process  in  order  to 
achieve  a  better  understanding  of  the  governing 
parameters.  However,  due  to  the  extreme  conditkms 
inrfde  the  plasma  jet  (temperature  approx.  10  000  K,  gas 
velocity  between  300-^  m/s)  only  a  few  techniques  are 
applicable.  Temperature  measurements  with 
spectroscopy  or  enthalpy  probes  are  common  techniques 
(PfenderA.  Spores,  1987),  yielding  an  overall  impression 
of  the  temperature  distribution.  For  locally  resolved 
measurements  of  the  velocity  field,  laser-Doppler 
anemometry  (LDA)  has  been  used  recently  (Muj/r  et  oL 
1993,  Fouchais  et  ai  1992).  Based  on  experimental 
results  many  attempts  have  been  made  to  simulate  the 
spraying  process  (I^enderA  Chyou  1989).  Nevertheless, 
at  the  current  state  these  models  cannot  deliver  a 
detailed  description  of  the  process  because  of  too  many 
wplifications  necessary  for  modelling  (JosM  1992).  On 
the  other  hand  great  efforts  have  been  made  to  save 
expensive  powders  forming  functional  layers  by  an 
adequate  process  control.  Up  to  this  point  all  control 
mechanism  are  based  on  the  same  prindple,  keeping  the 
machine  setting  constant  and  assuming  that  there  is  no 
change  in  the  spray  process  or  in  the  layer  quality. 
Certamly,  this  is  not  satisfactory,  but  due  to  the 
complexity  of  the  interacting  parameters  no  successful 
on-line  control  is  available  at  the  moment.  The  use  of 
the  PDA-technique  may  be  a  big  step  towards  an 
improvement  of  this  situation. 

2.  TEST  RIG 

The  plasma  spray  facility  used  in  this  investigation 
consisted  of  a  METCO  9MB  watercooled  air  plasma 
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spray  gun  facility  with  power  supply  and  control  unit  for 
the  mixing  of  the  plasma  gases.  The  spray  gun  and  a 
4-axis  ISEL  traversing  system  were  mounted  in  a  sound 
proof  chamber.  The  powder  feeder  was  a  METCO  4 
MP  type.  Typical  machine  operation  parameters  are 
given  in  table  1. 


Parameter 

Argon 

Hydrogen 

Current 

Range 

30-80 

l/min 

1-10 

1/fflin 

300-500  A 

Parameter 

Voltage 

Powder 
feed  rate 

Carrier 

gas 

Range 

56-80  V 

5-50 

^/mu^^ 

1-10  l/min 

Table  1:  Range  of  variable  gun  settings 


3.  EXPERIMENTAL  SET-UP 

In  order  to  obtain  a  rough  idea  of  the  flow  field 
downstream  the  nozzle  exit,  thermal  imaging  for 
different  spray  conditions  was  performed.  Using  an 
infrared  thermo-camera  (Horotron  Infravision  500), 
positioned  perpendicular  to  the  spray  cone  at  a  distance 
of  1  m,  the  interesting  regions  of  the  particle  stream 
were  visualised.  The  position  of  the  camera  was 
arranged  in  such  a  way  that  the  tip  of  the  flame 
operating  without  powder  was  just  at  the  edge  of  the 
monitor.  This  arrangement  was  necessary  because  the 
core  of  the  plume  was  too  bright  for  the  selected  filter 
combination.  The  camera  was  operated  in  a 
temperature  window  from  1273  K  -  2273  K.  The 
intensity  reduction  was  achieved  by  using  specific  grey 
filters.  This  setting  was  appropriate  for  most  of  the 
powders,  since  only  a  few  ceramic  powders  have 
melting  points  exceeding  a  temperature  of  2273  K. 
Preliminary  measurements  of  the  particle  velocities 
were  made  using  an  INVENT  DFLDA  laser-diode 
based  fibre  optics  system,  operating  at  6  MHz  shift 
frequency.  The  backscatter  transmitting  probe  was 
equipped  with  a  250  mm  focal  length  lens,  yielding  a 
probe  volume  with  a  diameter  of  200  pm  and  a  length 
of  approx.  2  mm.  For  the  PDA  measurements,  this 
transmitting  system  was  completed  with  an  INVENT 
PDE  2  deteaor  receiving  unit.  The  receiver  focal  length 
was  310  mm.  Since  the  investigated  metal  particles  are 
highly  absorbing,  PDA  measurements  could  be  made 
with  scattered  light  based  on  reflection.  A  scattering 
angle  of  55*  was  chosen,  yielding  a  reasonable 
scattering  intensity  at  the  particle  sizes  investigated. 


Through  this  arrangement,  a  final  size  range  of  3  -  160 
pm  was  achieved.  The  obtained  Doppler  signals  were 
Altered  by  an  INVENT  PDE  filterbank  and  further 
evaluated  with  a  QSP  PDA  100  FFT  processing  system, 
yielding  a  frequency  bandwidth  of  50  MHz.  Fig.  1  gives 
a  illustration  of  the  experimental  set-up  in 

combination  vnth  the  plasma  spray  gun.  The 
measurement  location  of  the  LDA  and  the  PDA  was 
moved  by  traversii^  the  gun,  leaving  the  optical 
arrangement  fixed.  The  investigated  powders  were  a 
CuSn  6  bronze  and  a  CrNi-powder.  A  typical  SEM 
image  of  the  bronze  powder  with  a  size  range  of 
0-63  pm  in  solidified  state  is  given  in  fig.2.  Clearly,  the 
overall  shape  of  the  particles  appears  to  be  spherical 
nevertheless  some  slight  ellipsoids  may  also  be 
recognized.  The  surface  has  a  certain  roughness,  which 
might  disappear  when  the  particles  are  molten.  Also,  the 
collectives  of  small  and  large  droplets  could  be 
destroyed  inside  the  plasma  flame.  As  mentioned  above, 
scattered  light  from  reflection  was  used  for  the  PDA 
measurements  without  any  noticeable  problems.  The 
mean  vaidation  rate  in  the  measurements  was  more  than 
90%. 

4.  PREUMINARY  INVESTIGATIONS 

Fig.  3  shows  an  example  of  images  taken  by  the  thermo 
camera  for  4  different  sets  of  spraying  parameter.  The 
picture  mainly  visualizes  the  temperature  field  generated 
by  the  heated  and  accelerated  particles,  thereby 
indicating  aJso  regions  with  high  and  low  particle 
number  density.  Without  going  too  much  into  details,  it 
should  be  noted  that  the  particle  stream  splits  into  two 
separate  jets  beginning  at  approximately  100  mm 
downstream  the  plasma  gun.  According  to  Pfender 
(1987)  this  is  a  region  with  highly  turbulent  gas  flow, 
influencing  heavily  the  final  properties  of  the  layer.  The 
observation  of  separate  jets  is  also  confirmed  by  first 
LDA  measurement.  Fig.  4  exhibits  the  isotachs  at  120 
mm  downstream  the  nozzle  exit.  In  this  diagram  two 
distinct  regions  of  high  velocities  can  be  detected.  At 
these  positions  the  mean  velocity  reaches  maximum 
values  around  145  m/s.  Near  the  spray  edge,  a  strong 
negative  velocity  gradient  exiss,  however,  mean  velocities 
at  the  outermost  measurement  points  are  still  around  75 
m/s.  It  should  be  noted,  that  the  LDA  measurements 
basically  reflect  the  velocity  of  the  particles,  which  might 
differ  strongly  from  the  gas  velocity.  Also,  some 
size/velocity  correlations  were  obtained  in  the  PDA 
measurements.  The  results  of  the  LDA  measurements 
were  used  to  identify  interesting  areas  for  the  PDA 
measurements. 
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5.  RESULTS 


The  PDA  measurements  were  performed  at  the 
following  operating  conditions: 


Gas  flow  rate 

Ar  50  l/min  H,  7  1/min  | 

Powder  feed 
rate 

30  g/min 

Voltage 

60  V 

Current 

450  A  1 

Table  2:  Settings  of  the  plasma  gun  during  the 
measurements 


The  measurements  were  made  at  an  axial  distance  of 
150  mm  from  the  spray  gun,  which  corresponds  to  the 
standard  working  distance  between  plasma  gun  and 
substrate.  Therefore,  the  results  indicate  the  properties 
of  the  particles  when  reaching  the  target.  In  order  to 
limit  the  powder  and  process  gas  consumption  and  also 
to  reduce  the  heating  of  the  optical  system,  the 
measurement  time  was  limited  to  10  s  at  each  point. 
Therefore,  the  number  of  samples  taken  varied  between 
approximately  50  and  2500  according  to  the  local 
number  denaty  of  the  particles.  In  a  first  set  of 
measurements,  two  different  particle  fractions  of  the 
bronze  powder,  i.e.  size  distributions  from  0-63  pm  and 
63-160  pm,  were  compared.  The  result  of  this 
comparison,  which  was  made  at  an  axial  distance  of 
150  mm  and  10  mm  below  the  nominal  centerline  of 
the  spray  cone,  is  shown  in  fig.  S.  Clearly,  two  distina 
number  weighted  size  distributions  can  be  recognized 
with  peak  values  around  25  and  125  pra.  The  obtained 
widths  of  the  distributions  compare  very  well  with  the 
nominal  size  ranges  with  only  a  few  samples  laying 
outside.  From  this  result,  it  can  be  concluded  that  the 
PDA  delivers  the  size  of  the  bronze  particles  inside  the 
plasma  jet  to  a  high  degree  of  reliability.  In  Fig.  6  the 
measured  number  distributions  for  the  powder  fraction 
from  63-160  pm  are  shown  for  different  y-positions  at 
an  axial  distance  of  150  mm.  These  measurements  were 
taken  at  x  >  0.0  mm,  i.e.  on  the  vertical  line  of 
symmetry.  It  is  evident  that  the  percentage  of  large 
particles  at  the  right  hand  side  of  the  size  distribution  is 
increasing  with  decreasing  y-position,  i.e.  below  the 
centerline  of  the  spray.  This  can  be  explained  by  gravity 
effects,  which  influence  the  trajectories  of  the  different 
particle  sizes.  The  separation  of  the  particle  size  classes 
is  also  indicated  by  the  mean  values  given  in  table  3. 


1  y  (mm) 

d,o  (pm) 

d*  (pm) 

u— .  (»/s)  1 

1  ” 

97.7 

113.0 

37.3  1 

1 

105.6 

117.4 

49.6 

1  -10 

mi 

123.7 

74.5 

1  -15 

118J 

121.4 

70J 

Table  3:  Mean  values  at  x  =  0.0  mm,  powder 
63-160  pm 


The  velocities  at  these  locations  are  relatively  low,  which 
is  due  to  an  asymmetric  shape  of  the  spray  cone,  as  will 
be  discussed  later.  In  Fig.  7,  the  mean  velodties  are 
given  as  a  function  of  the  particle  sizes,  indicating  a 
strong  positive  correlation  between  size  and  velocity. 
Obviously,  150  mm  downstream  the  spray  gun  the  gas 
flow  has  already  decelerated  with  the  smaller  particles 
being  able  to  follow  this  axial  velocity  gradient.  On  the 
other  hand  larger  particles  still  keep  their  initial  velocity. 
This  behaviour  will  strongly  influence  the  residence  time 
of  different  particle  sizes  inside  the  plasma  flame  and, 
hence,  the  properties  of  the  particles  in  terms  of 
temperature  and  state  when  reaching  the  substrate.  To 
examine  a  region  of  high  mean  velocities  obtained  in  the 
LDA  measurements,  a  grid  of  25  measurement  points 
was  arranged  at  150  mm  axial  distance.  These  points 
were  distributed  in  one  quarter  of  the  spray  cone  below 
the  horizontal  line  of  symmetry,  i.e.  at  negative 
y-coordinates.  The  measurements  were  made  with 
bronze  particles  of  a  0-63  pm  size  fraction.  The  result  in 
terms  of  validated  samples  in  10  s  is  given  in  fig.  8.  The 
maximum  number  of  samples,  and  hence,  the  maximum 
particle  number  flux  is  obtained  almost  in  the  center  of 
this  region,  strongly  decreasing  along  x  and  along  y.  The 
maximum  measured  particle  arrival  rate  with  the  PDA 
is  approximately  200  1/s,  whidi  is  in  the  order  of  the 
nominal  arrival  rate  of  700  1/s,  estimated  from  the 
powder  feed  rate,  the  volume  mean  diameter  and  the 
probe  volume  cross  section,  assuming  a  homogeneous 
number  flux.  The  corresponding  distribution  of  the 
arithmetic  mean  diameter  d„  is  shown  in  fig.  9. 
Basically,  the  mean  diameter  is  increasing  towards  the 
vertical  line  of  symmetry,  reaching  its  maximum  15  mm 
below  the  centerline  of  the  spray  cone.  Maximum 
arithmetic  mean  diameters  are  around  45  pm.  The 
distribution  of  the  volume  mean  diameter,  which  is  not 
shown  here,  has  a  very  similar  shape.  Surprisingly,  the 
region  of  the  highest  number  flux  is  not  correlated  with 
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any  specific  particle  sizes.  This  is  also  true  for  the  axial 
mean  velocity  exhibited  in  fig.  10.  Here,  a  smoothly 
decreasing  mean  velocity  can  be  obtained  moving  along 
the  x-axis.  Furthermore,  the  mean  velocity  is  almost 
constant  along  the  y-axis.  This  is  in  contrast  to  the 
results  shown  in  fig.  7;  however,  it  should  be  noted  that 
the  size  ranges  of  the  particles  are  completely  different. 
In  general,  the  measurements  indicate  a  strong 
asymmetry  of  the  spray  cone.  Most  likely,  this  is  the 
result  of  an  asymmetric  particle  feeding  system.  Since 
the  particles  are  injeaed  into  a  region  with  extremely 
high  mean  velocities  and  velocity  gradients,  the 
formation  of  the  spray  is  heavily  sensitive  to  any 
disturbances  in  that  region.  It  should  be  mentioned 
again,  that  the  duration  of  the  experiments  and  their 
spatial  resolution  had  to  be  chosen  as  a  compromise 
between  the  practical  value  of  the  results  and  the 
consumption  of  expensive  plasma  gases  and  powder. 

6.  SUMMARY  AND  OUTLOOK 

The  obtained  results,  although  still  having  a  preliminary 
character,  strongly  indicate  the  feasibility  of  using 
phase-Doppler  anemometry  as  an  appropriate 
measuring  technique  for  the  investigation  of  plasma 
sprays.  Some  major  characteristics  of  the  spray,  i.e.  a 
vertical  separation  of  particles  of  different  sizes  due  to 
gravity  or  the  presence  of  positive  size/velocity 
correlations  have  already  been  identified.  One  problem 
that  was  recognized  during  the  measurements  is  the 
strong  spatial  variation  of  the  particle  number  density. 
Low  particle  number  density  re^ons  could  lead  to 
either  long  measurement  durations  with  expensive  gas 
and  powder  consumption  or  to  significant  reductions  of 
the  number  of  samples  taken  and,  hence,  to  reductions 
of  the  statistical  reliability.  Also,  it  should  be  noted  that 
the  measurements  presented  herein  were  made  with 
initially  spherical  metallic  powders.  If  non-spherical 
particles  are  used,  which  do  not  melt  completely  inside 
the  plasma  flame,  erroneous  size  measurement  would 
occur.  Further  problems  may  appear,  if  particles  of 
ceramic  materials  are  used.  Here,  the  optical  properties 
necessary  for  the  layout  of  a  phase-Doppler  system,  i.e. 
the  complex  refractive  index,  have  to  be  determined 
with  great  care.  If  measurements  with  reflected  light 
are  not  feasible,  the  refractive  index  at  the  process 
temperatures  of  the  particles  has  to  be  measured. 
Nevertheless,  the  use  of  the  PDA-technique  in  plasma 
sprays  could  yield  an  improved  understanding  of  the 
plasma  spray  process  through  detailed  investigations  of 
the  gas-particle  interactions  inside  the  plasma  flame.  In 
the  future,  this  knowledge  might  be  used  for  the 
development  of  more  sophisticated  and  more  accurate 
simulation  models.  Futhermore,  small  and  robust 


PDA-systcms  might  become  a  tool  for  an  on-line 
control  of  the  spraying  process,  rather  than  just  keepii^ 
the  spray  gun  settings  constant  during  operation. 
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Fig.1:  Schematic  of  the  experimental  set-up 


Fig.  3:  Thermal  image  of  the  plasma  flame 
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Bronze,  d  =  63—160  /xm,  z  —  150  mm 


Diameter  (^im) 

Fig.  7:  Size /velocity  correlations  at  different  vertical  positions  at  z  =  150  mm 


Fig.  8:  Distribution  of  the  number  of  samples  at  z=  ISO  mm  (d  =  0-63  pm) 
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Abstract 

A  new  and  unique  image  acquisition  system  was  built 
for  measurements  with  digital  particle  image  velocimetry 
(DPIV)  in  turbulent  flows.  The  system  can  record  je- 
quences  of  tOtSx  1000-pixel  images  at  a  rate  of  10  im¬ 
ages  per  second  with  a  total  real-time  storage  capacity  of 
S56  MB.  The  system  is  used  in  two  experiments:  (t)  the 
measurement  of  fully-developed  turbulent  flow,  and  (2)  the 
measurement  of  the  transition  from  laminar  to  turbulent 
flow.  The  results  for  the  fully  developed  flow  are  com¬ 
pared  with  those  from  a  direct  numerical  simulation  and 
with  those  from  a  conventional  PIV  measurement.  We  con¬ 
clude  from  these  data  that  the  level  of  accuracy  for  DPIV 
le  comparable  to  that  of  conventional  PIV,  while  the  im¬ 
age  analysis  in  DPIV  is  completed  in  a  fraction  of  the  time 
needed  in  conventional  PIV. 

1  Introduction 

One  of  the  most  challenging  applications  of  particle  image 
velocimetry  (PIV)  is  the  measurement  of  turbulence.  For 
example,  the  measurement  in  a  turbulent  channel  flow  or 
pipe  flow  may  require  an  image  size  large  enough  to  include 
the  flow  from  wall  to  wall  with  a  resolution  that  is  suffi¬ 
cient  to  resolve  the  small-scale  motions.  In  addition  the 
measurement  error  needs  to  be  small  enough  in  order  to 
measure  the  small  velocity  fluctuations  near  the  centerline 
and  close  to  the  boundary.  And  finally,  as  was  pointed  out 
by  Westerweel  et  al.  (1991),  the  investigation  of  turbulent 
flows  with  PIV  will  require  the  analysis  of  large  numbers 
of  images,  e.g.  to  determine  the  flow  statistics  or  to  inves¬ 
tigate  the  dynamics  of  coherent  flow  structures  from  image 
sequences. 

Conventionally,  PIV  images  are  recorded  on  photo¬ 
graphic  film,  and  the  negatives  are  then  analyzed  by  com¬ 
puting  the  spatial  correlation  in  small  interrogation  images 
—  of  typically  256x256  pixels  —  with  a  yield  between  1,000 
and  10,000  interrogations  per  negative.  This  approach  is 
inherently  slow,  and  therefore  unsuited  to  deal  with  the 
large  amount  of  images  anticipated  for  measurements  in 
turbulent  flows. 

An  alternative  approach  —  referred  to  as  digital  par¬ 
ticle  image  velocimetry  (DPIV)  —  was  suggested  simul¬ 
taneously  by  Willert  &  Gharib  (1991)  and  by  Westerweel 
et  al.  (1991):  they  proposed  to  recorde  the  images  directly 


with  a  CCD  camera,  and  to  interrogate  the  images  digitally 
in  small  32  x  32-pixel  sub-images.  Hence,  DPIV  effectively 
avoids  any  overhead  for  the  processing  of  photographic  film 
and  the  mechanical  translation  of  the  negative  along  the 
interrogation  optics,  in  addition,  the  reduction  of  the  num¬ 
ber  of  pixels  in  the  computation  of  the  spatial  correlation 
from  256x256  to  32x32  pixels  reduces  the  total  analysis 
time  of  a  single  image  from  1-2  hours  to  less  than  30  sec¬ 
onds. 

One  may  expect  that  the  reduction  from  256x256  to 
32x32  pixels  affects  the  accuracy.  This  is  true  when  the 
centroid  of  the  displacement-correlation  peak  is  determined 
with  the  conventional  center-of-mass  estimator  (Prasad  et 
al.  1992).  However,  Willert  L  Gharib  (1991)  found  that  the 
estimation  error  at  low  pixel  resolution  can  be  reduced  con¬ 
siderably  by  using  a  Gaussian  peak-fit  estimator.  Recently, 
Westerweel  (1993a, 1993b)  demonstrated  that  the  estimates 
for  the  spatial  correlation  are  correlated  over  an  area  pro¬ 
portional  to  the  particle-image  diameter.  This  implies  that 
the  information  content  of  the  estimated  displacement- 
correlation  peak  does  not  improve  above  a  resolution  of 
32x32  pixels.  Thus,  the  analysis  with  only  32x32  pix¬ 
els  yields  by  principle  the  same  accuracy  as  with  256x256 
pixels.’  Therefore,  it  should  be  possible  for  DPIV  to  reach 
the  same  level  of  accuracy  as  conventional  PIV. 

So  far,  DPIV  has  mainly  been  applied  to  low-speed  flows 
for  which  the  standard  NTSC/PAL  video  format  provides 
adequate  spatial  and  temporal  resolution  (see  e.g.  Wester¬ 
weel  et  al.  1991;  Willert  tc  Gharib  1991).  With  this  type 
of  equipment  one  can  only  take  DPIV  measurements  of 
turbulence  in  a  relatively  small  area  of  the  flow  (Van  der 
Hoeven  et  al.  1992).  To  carry  out  DPIV  measurements 
that  include  a  substantial  area  of  the  flow  we  need  to  use 
high-resolution  CCD  cameras  that  also  have  high  frame 
rates;  this  requires  a  fast  image  acquisition  system  with  a 
high  bandwidth.  In  order  to  accommodate  a  large  number 
of  images  it  should  also  be  equipped  with  a  large  retd-time 
storage  capacity.  It  was  decided  to  design  and  to  build 
an  image  acquisition  system  for  DPIV  —  based  on  exist¬ 
ing  specittlized  hardware  —  for  the  purpose  of  turbulence 
measurements.  A  description  of  this  system  is  given  in  Sec¬ 
tion  2. 

’  Provided  that  we  use  an  optimally  efficient  estimator  for  the 
given  pixel  resolution. 
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Figure  1 :  Schematic  diagram  of  the  image  acquisition  system. 


To  illustrate  the  capabilities  of  this  new  and  unique  sys¬ 
tem  we  present  in  this  paper  the  results  of  two  pilot  exper¬ 
iments;  (I)  the  measurement  of  fully-developed  turbulent 
pipe  flow,  and  (2)  the  measurement  of  the  transition  from 
laminar  pipe  flow  to  turbulent  pipe  flow.  Both  experi¬ 
ments  were  carried  out  in  the  same  water  flow  facility.  A 
description  of  this  facility  and  of  the  relevant  experimen¬ 
tal  parameters  will  be  given  in  Section  3;  the  results  are 
discussed  in  Section  4. 

The  measurement  of  fully-developed  turbulent  flow 
matches  the  flow  conditions  in  an  extensive  study  of  tur¬ 
bulent  pipe  flow  by  Eggels  et  at.  (1994)  that  included  both 
numerical  simulations  and  experiments.  We  will  compare 
our  present  results  with  two  contributions  to  this  joint 
study:  the  direct  numerical  simulation  (DNS)  by  Eggels 
et  at.  (1993)  and  the  PIV  measurements  by  Westerweel  et 
at.  (1993).  In  addition  to  these  data  we  will  also  compare 
our  results  with  those  by  Tahitu  (1994),  who  carried  out 
measurements  with  laser-Doppler  anemometry  (LDA)  in 
the  same  flow  facility  and  at  the  same  flow  condition  as 
out  DPIV  measurements. 

2  The  image  acquisition  system 

The  image  acquisition  system  is  equipped  with  two  cam¬ 
eras.  For  the  measurements  presented  in  this  paper  we  used 
one  camera;  the  second  camera  is  intended  to  be  used  in 
future  applications.  For  example,  a  two-camera  system  can 
be  used  for  stereoscopic  or  two-color  imaging.  A  schematic 
of  the  system  is  shown  in  Figure  1. 

The  heart  of  the  image  acquisition  system  is  a  pair  of  two 
MaxVideo-20  (DataCube)  pipeline  processors.  Each  pro¬ 
cessor  is  equipped  with  four  MegaStore-32  memory  boards, 
which  yields  a  total  real-time  storage  capacity  of  256  MB. 
The  pipeline  processors  are  capable  of  digitizing,  recording 
and  processing  images  at  a  data  rate  of  26  MHz  with  8-bit 
resolution.  (For  comparison:  the  bandwidth  of  standard 
NTSC-video  is  8  MHz.) 

Each  processor  board  connects  to  a  CCD  camera  (Texas 
Instruments).  The  CCD  array  consists  of  1000x1016 


square  pixels,  with  a  100%  fill  ratio.  The  maximum  frame 
rate  of  the  cameras  is  15  Hz.  However,  under  full  external 
control  (i.e.  for  the  timing  of  the  exposure  and  for  im¬ 
age  read-out)  the  frame  rate  reduces  to  10  Hz.  The  frame 
timing  and  pixel  clock  for  image  read-out  are  suppbed  by 
the  MaxVideo-20  boards.  The  cameras  are  equipped  with 
electro-optical  shutters,  which  again  are  controlled  by  the 
MaxVideo-20  boards.  These  shutters  avoid  any  exposure 
of  the  CCD  during  image  read-out. 

The  system  is  controlled  by  a  V ME/ UN IX  workstation 
(Sun-sparc).  A  large  storage  disk  (1  GB)  and  digital  tape 
unit  are  used  to  store  and  to  backup  the  image  data,  so  that 
the  system  can  be  operated  as  a  ‘stand-alone’  machine.  An 
ethernet  connection  gives  access  to  other  machines,  which 
makes  it  possible  to  access  other  software  (e.g.,  for  image 
processing  and  data  visualization)  or  peripherals,  or  to  use 
a  high-performance  workstation  for  the  data  reduction. 

Images  can  be  recorded  at  any  frame  rate  up  to  10  Hz. 
The  two  cameras  can  be  operated  simultaneously,  or  with 
a  given  time  delay.  It  is  also  possible  to  acquire  an  image 
at  the  response  of  an  external  trigger  signal,  or  to  record 
a  whole  sequence  of  images  started  by  an  external  trigger 
(‘conditional  start’).  The  system  can  also  acquire  images 
continually,  and  then  be  stopped  by  an  external  trigger 
(‘conditional  stop’).  This  particular  feature  was  used  in  the 
measurement  of  the  transition  from  laminar  to  turbulent 
pipe  flow,  reported  later  in  this  paper. 

3  Experiments 

In  this  section  we  discuss  the  pipe  flow  facility.  For  the 
fully-developed  turbulent  flow  we  matched  our  flow  condi¬ 
tions  to  those  of  the  PIV  measurement  by  Westerweel  et  ol. 
(1993).  In  Table  1  we  compare  the  relevant  experimental 
parameters  for  the  PIV  and  DPIV  measurements.  These 
parameters  will  be  discussed  in  greater  detail  below. 

3.1  flow  facility 

For  the  measurements  we  used  a  closed-loop  water  facility. 
A  detailed  description  of  this  facility  is  given  by  Tahitu 
(1994).  The  main  flow  line  is  a  smooth  pipe  with  an  inner 
diameter  of  40.2  mm  and  a  total  length  of  8.65  m.  The 
return  line  has  the  same  length  and  diameter.  The  wa- 
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Figure  2:  Optical  configuration  for  the  digital  PIV  measure¬ 
ments  in  a  pipe. 
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Table  1:  The  experimental  conditions  for  the  photographic  PIV 
measurement  (PIV)  by  Westerweel  el  al.  (1993)  and  for  the 
digital  PIV  measurement  (DPIV). _ 


PIV 

DPIV 

Pipe: 

diameter  (D) 

(mm) 

127 

40.2 

length 

(m) 

17 

8.65 

Flow: 

fluid 

air 

water 

kin.  viscosity 

(mm^/s) 

15.22 

0.998 

velocity  (Ub) 

(mm/s) 

627 

130 

Re 

5,277 

5,251 

Seeding: 

type 

oil  droplets 

Optimage 

size 

(/im) 

1  -  2 

30  ±  10 

number  dens. 

(mm“^) 

40 

6.1 

niuminatton: 

scurce 

2x  YAG 

Ar+ 

beam  type 

expanded 

scanning 

thickness 

(mm) 

0.4 

0.5 

energy /power 

120  mJ 

5  W 

time  delay 

(ms) 

0.30000 

2.685 

no.  of  exposures 

2 

8 

Recording: 

type 

photograph 

electronic 

magnification 

0.70 

0.30 

Viewing  area 

(mm^) 

150x130 

40.0x40.7 

Interrogation: 

area 

(mm') 

1. 4x1.4 

1.3x1. 3 

image  dens.  (TV/) 

20.1 

23.1 

time® 

(s) 

1,010 

12 

Data  set: 

vectors/image 

8,500 

3,721 

no.  of  images 

33 

100 

“interrogation  time  per  1,000  vectors 


ter  temperature  in  the  facility  is  maintained  at  a  constant 
value  of  20.3‘’C. 

The  two  experiments  required  different  flow  conditions 
at  the  pipe  inlet.  For  the  first  experiment  we  want  a  fully- 
developed  pipe  flow.  We  therefore  bypassed  the  settling 
chamber,  and  connected  the  inlet  of  the  main  flow  tine 
directly  to  the  pump.  The  disturbances  in  the  flow  caused 
by  the  pump  are  sufficient  to  establish  a  turbulent  flow 
state.  In  the  second  experiment  (i.e.  transitional  flow)  the 
fluid  passes  a  settling  chamber  and  enters  the  pipe  through 
a  smooth  funnel.  Now  the  flow  remains  laminar  over  the 
full  length  of  the  pipe  at  a  Reynolds  number  of  5,600  (based 
on  the  pipe  diameter  and  the  bulk  velocity),  until  dynamic 
instabilities  cause  the  flow  to  become  turbulent. 

The  measurements  are  carried  out  in  a  test  section  lo¬ 
cated  at  a  distance  of  6.5  m  from  the  pipe  inlet.  This 
distance  is  more  than  160  times  the  pipe  diameter,  so  that 
for  the  first  experiment  we  may  indeed  expect  here  a  fully- 
developed  turbulent  flow  (Schlichting  1979).  The  test  sec¬ 
tion  consists  of  a  square,  water-filled  box  thr :  encloses  a 
section  of  the  pipe.  Inside  this  box  the  normal  ,1  ^e  wall  has 
been  replaced  by  a  thin  sheet  with  a  thickness  of  0.01  mm. 


The  box  and  thin  wall  reduce  optical  aberrations  that  re¬ 
sult  from  refraction  of  Ught  by  the  curved  pipe  wall,  and 
allows  us  to  measure  the  velocity  close  to  the  pipe  wall. 

Westerweel  et  al  (1993)  stressed  the  importance  of  an  in¬ 
dependent  and  accurate  measurement  of  the  friction  veloc¬ 
ity  in  order  to  normalize  the  experimental  data  correctly. 
In  these  measurements  the  friction  velocity  was  determined 
from  the  measured  pressure  drop  between  two  taps  located 
at  4.40  m  and  8.60  m  from  the  inlet.  The  friction  velocity 
is  found  from  the  pressure  drop  by  (Schlichting  1979): 


u. 


APD 

AfiL 


(1) 


where  AP  is  the  pressure  drop  over  a  length  L,  p  the  den¬ 
sity  of  the  fluid,  and  D  the  diameter  of  the  pipe.  The 
pressure  difference  was  determined  with  a  relative  mea¬ 
surement  error  of  0.8%,  and  through  Eq.  (1  we  found: 
u.=9.081±0.004  mm/s. 


3.2  seeding 

The  flow  has  been  seeded  with  small  tracer  particles  that 
have  a  nominal  diameter  of  30  pm  (Optimage).  These  par¬ 
ticles  are  almost  neutrally  buoyant  in  water.  Sufficient  time 
was  allowed  to  ensure  that  the  particles  are  distributed 
evenly  over  the  entire  flow  volume  before  we  carry  out 
the  measurements.  These  particular  tracer  particles  are 
rather  large,  and  in  order  to  keep  the  volume  fraction  of 
the  seeding  below  10“*,  while  at  the  same  time  maintaining 
an  adequate  image  density,  we  decided  to  record  multiple- 
exposure  images  (Keane  ti  Adrian  1991).  We  will  return 
to  this  point  in  Section  3.4. 


3.3  light  sheet 

The  optical  configuration  for  the  light  sheet  is  shown  in 
Figure  2.  The  beam  of  a  5  Watt  argon-ion  laser  is  guided 
through  an  optical  fiber,  and  is  deflected  by  a  rotating 
36-faceted  polygon  mirror.  A  cylindrical  lens  converts  the 
angular  motion  of  the  reflected  beam  into  a  parallel  motion. 
A  45'-mirror  directs  the  beam  through  the  test  section. 
The  plane  of  the  light  sheet  coincides  with  the  centerline 
of  the  pipe.  A  small  inverted  telescope  at  the  fiber  exit 
contracts  the  beam  so  that  the  width  of  the  light  sheet  in 
the  test  section  is  0.5  mm. 


3.4  image  recording 

The  time  delay  between  two  consecutive  passages  of  the 
scanning  beam  is  set  to  2.685  ms.  Each  image  is  ex¬ 
posed  8  times,  which  makes  the  total  exposure  time  equal 
to  18.8  ms.  The  Kolmogorov  time  scale  r  (=rf^/v,  with 
ttu,/v=l.6:  Eggels  el  al.  1994)  for  this  flow  is  equal  to 
31  ms.  Since  the  total  exposure  time  is  less  than  r  we  may 
assume  that  the  flow  field  during  the  exposure  is  essentially 
frozen. 

An  image  of  the  particles  in  the  light  sheet  is  formed 
on  the  CCD  array  with  a  50  mm  focal  length  lens  with  a 
numerical  aperture  of  f /D=4.  The  optical  axis  of  the  lens 
is  perpendicular  to  the  plane  of  the  light  sheet.  The  image 
magnification  is  0.30,  so  that  the  view  area  of  the  camera 
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is  one  pipe  diameter  in  both  the  axial  direction  and  the 
radial  direction  with  respect  to  the  pipe. 

In  the  first  experiment  (i.e.  fully-developed  turbulent 
pipe  flow)  we  deliberately  used  a  low  frame  rate  of  1  Hz. 
The  integral  time  scale  for  the  turbulent  pipe  flow  is  esti¬ 
mated  at  0.3  s  (  =  D/Ui,\  see  Tab.  1):  so  that  we  may  assume 
that  consecutive  images  are  statistically  independent.  For 
the  measurement  of  the  transitional  flow  we  used  the  max¬ 
imum  frame  rate  (i.e.  10  Hz),  which  enables  us  to  resolve 
the  event  in  a  sequence  of  images.  For  this  measurement 
we  used  the  system  in  ‘conditional  stop'  mode.  In  both 
experiments  we  recorded  a  sequence  of  100  frames,  which 
occupy  about  100  MB  of  storage  each. 

3.5  data  reduction 

Each  image  is  interrogated  in  32  x 32-pixels  sub-images  at 
intervals  of  16  pixels  (i.e.  a  50%  overlap).  The  size  of 
an  interrogation  sub-image  corresponds  to  a  measurement 
volume  of  (1.3x  1.3x0.5=)  0.85  mm^  in  the  flow.  The  dis¬ 
placement  of  the  tracer  particles  between  two  exposures  at 
the  centerline  of  the  pipe  is  about  12  pixel  units  (px),  which 
is  almost  40%  of  the  width  of  the  interrogation  image.  The 
image  density  (i.e.  the  average  number  of  particle  image 
pairs)  is  equal  to  23.1. 

The  interrogation  is  done  symmetric  with  respect  to  the 
location  of  the  centerline  on  the  images;  this  makes  it  possi¬ 
ble  to  combine  the  flow  statistics  from  the  upper  and  lower 
sections  of  the  images  directly. 

Reliable  measurements  of  the  displacement  are  obtained 
down  to  14  px  from  the  pipe  wadi  —  which  corresponds  to 
a  distance  of  only  0.57  mm  (or  5.2  viscous  wall  units).  The 
centroid  of  the  interrogation  region  closest  to  the  pipe  wall 
is  located  1.16  mm  from  the  wall  (10.6  viscous  wall  units). 

Each  image  yields  a  data  set  of  61  rows  of  61  vectors 
each.  The  image  sequences  are  processed  on  a  HP9000/720 
workstation,  which  completes  the  analysis  of  one  image  (i.e. 
3,721  interrogations)  in  less  than  30  seconds.  Compare  this 
with  an  analysis  time  of  2.5  hours  (see  Table  1  that  was 
required  for  the  interrogation  of  a  single  PIV  photograph 
(Westerweel  et  at.  1993). 

Each  data  set  is  subjected  to  a  data-validation  proce¬ 
dure  to  remove  erroneous  measurements  of  the  displace¬ 
ment.  (Erroneous  measurements  occur  naturally  as  a  re¬ 
sult  of  insufficient  particle-image  pairs  in  certain  interro¬ 
gation  sub-images.)  We  use  the  median-filtering  method 
described  by  Westerweel  (1994)  to  identify  displacement 
vectors  that  deviate  unphysically  from  adjacent  vectors: 
all  vectors  that  deviate  more  that  2.5  px  from  their  local 
median  value  have  been  discarded  from  the  data  set.  The 
average  fraction  of  detected  spurious  vectors  is  2.8%,  with 
the  lowest  and  highest  fractions  being  equal  to  of  1.2%  and 
5.7%  respectively.  The  discarded  vectors  are  replaced  by 
the  local-average  of  the  (accepted)  adjacent  displacement 
vectors. 

'  Figure  3  shows  a  typical  result  of  the  instantaneous  fluc¬ 
tuating  velocity  measured  in  the  fully  developed  turbulent 
pipe  flow.  The  top  and  bottom  axes  in  Fig.  3  coincide 
with  the  pipe  wall.  To  visualize  the  small  fluctuations  in 
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Figure  3:  .4  vector  map  of  the  measured  instantaneous  fluctuat¬ 
ing  velocity.  The  vector  at  the  top  represents  the  mean  velocity 
at  the  centerline. 


displacement  we  scaled  the  arrows  in  this  figure  by  a  fac¬ 
tor  of  15.  In  fact,  most  of  the  arrows  showed  here  actually 
correspond  to  fluctuations  of  the  displacement  of  less  than 
0.5  px.  This  demonstrates  the  ability  of  DPIV  to  resolve 
displacements  at  sub-pixel  level.  Also  note  the  turbulent 
flow  structures  close  to  the  upper  and  lower  walls.  Figure  4 
shows  two  examples  of  grey-scale  maps  of  the  out-of-plane 
component  of  the  vorticity  (u;,).  One  may  recognize  coher- 
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Figure  4:  Grey  scale  maps  of  negative  vorticity  in  s~'  perpen¬ 
dicular  to  the  image  plane.  The  flow  is  from  left  to  right.  The 
pipe  wall  is  located  at  =0. 
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Table  2:  The  flow  conditions  for  the  DNS  (£ggels  el  at.  1994) 
and  for  the  measurements  with  PIV  (Westerweel  el  al.  1993) 


DNS 

PIV 

DPIV 

Re 

5,300 

5,277 

5,251 

Re, 

360.0 

366.3 

365.9 

u„ 

(mm/s) 

— 

626.6 

130.4 

V. 

(mm/s) 

— 

842.9 

174.5 

u./u. 

1.312 

1.345 

1.338 

Urn 

(mm/s) 

— 

43.5 

9.081 

U„lu. 

14.72 

14.40 

14.35 

Uc/U. 

19.31 

19.38 

19.21 

c/ 

0.00932 

0.00964 

0.00943 

v/u. 

(mm) 

— 

0.3467 

0.1099 

180.0 

183.2 

181.6 

Ar+ 

1.88 

4.12 

5.81 

Ax+ 

7.03 

4.12 

5.81 

Az+ 

8.84“ 

1.15 

4.55 

‘Tangential  resolution  at  the  pipe  wall. 


ent  structures  that  closely  resemble  the  ‘shear-layer’  and 
‘vortex’  structures  that  were  observed  in  the  PIV  data  set 
(ref.  Westerweel  el  al.  1993).  In  this  paper  we  will  not 
further  examine  these  structures;  instead  we  concentrate 
on  the  comparison  of  the  measured  flow  statistics.  These 
results  are  discussed  in  the  next  section. 

4  Results 

In  this  section  we  present  the  results  from  the  measure¬ 
ment  of  the  fully-developed  turbulent  pipe  flow  and  of  the 
transitional  pipe  flow.  We  will  use  u  and  v  to  denote  the 
velocity  components  in  the  axial  (x)  and  radial  (r)  direc¬ 
tions  respectively.  The  velocity  statistics  will  usually  be 
normalized  by  the  friction  velocity  (tt«)  and  plotted  as  a 
function  of  the  dimensionless  distance  from  the  centerline 
(viz.  t/D).  The  axes  for  vector  maps  show  the  dimensions 
expressed  in  wall  units;  in  these  cases  the  y- coordinate  de¬ 
notes  the  distance  from  the  (lower)  pipe  wall. 

4.1  Fully-developed  turbulent  flow 
Table  2  summarizes  the  conditions  of  the  DPIV  measure¬ 
ments  of  the  fully-developed  turbulent  flow,  together  with 
the  flow  conditions  of  the  DNS  and  of  the  PIV  measure¬ 
ments.  Note  the  close  correspondence  of  the  flow  condi¬ 
tions  for  the  three  data  sets;  the  only  real  difference  is  re¬ 
flected  in  the  spatial  resolution  (viz.,  and  Az'*'). 

Let  us  compare  the  resolution  of  three  data  sets  against 
Grotzbach’s  criterion,  i.e.: 

A  <  Tjj  with  A  =  (ArAiAz)‘^*  (2) 

(Grotzbach  1983;  Eggels  el  al.  1994)  where  »  is  the  Kol¬ 
mogorov  length  scale.  For  the  DNS,  PIV  and  DPIV  data 
sets  we  find  A‘*’=  4.9,  2.7  and  5.4  respectively.  The  Kol¬ 
mogorov  length  scale  for  this  flow  is  estimated  at  y'^'sl.e 
(Eggels  e(  al.  1994),  so  that  x’i;'*'=5.0.  The  DNS  and  the 
PIV  data  sets  satisfy  Grotzbach’s  criterion,  whereas  the 
DPIV  data  set  exceeds  the  criterion  by  less  than  10%,  This 


Figure  5:  The  mean  axial  velocity,  the  axial  and  radial  RMS 
fluctuating  velocities,  and  Reynold  stress,  normalized  by  fric¬ 
tion  velocity,  as  function  of  the  dimensionless  distance  from  the 
centerline. 

amount  is  so  small  that  even  though  the  criterion  is  not  met 
in  a  strict  sense,  we  still  view  our  data  set  as  to  have  fuUy 
resolved  all  flow  scales  for  y'*’  >  10  (i.e.  outside  the  viscous 
sub-layer). 

The  flow  statistics  of  fully-developed  turbulent  pipe  flow 
are  homogeneous  along  the  axial  direction,  and  symmetric 
with  respect  to  the  centerline.  We  determined  the  flow 
statistics  from  the  measured  data  by  averaging  the  data 
along  rows  over  all  frames,  and  then  combining  the  results 
from  opposite  sides  of  the  centerline.  In  Figure  5  we  have 
plotted  the  results  for  the  mean  axial  velocity  (f/),  for  the 
axial  and  radial  root-mean-square  (RMS)  fluctuating  ve¬ 
locities  (u'  and  v'  respectively),  and  for  the  Reynolds  stress 
(uv).  We  also  plotted  the  corresponding  results  from  the 
DNS  and  from  the  PIV  and  LDA  measurements. 

The  data  in  Fig.  5  show  that  the  differences  between  the 
DNS,  PIV,  DPIV  and  LDA  results  are  very  small.  We 
therefore  plotted  in  Figure  6  the  residuals  for  the  experi¬ 
mental  data  with  respect  to  the  DNS  data. 

For  the  mean  axial  velocity  the  PIV  data  are  mostly 
larger  than  the  DNS  result,  whereas  the  DPIV  data  are 
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Figure  6;  The  residuals  for  the  mean  axial  velocity  {AU* )  and 
of  the  axial  (Au'*)  and  radial  RMS  fluctuating  veloci¬ 

ties  with  respect  to  the  corresponding  ONS  results  for  the  PIV. 
DPIV  and  LDA  measurements.  The  residuals  ate  normalized 
by  the  friction  velocity,  and  ate  plotted  as  a  fimction  of  the 
dimensionless  distance  from  the  centerline. 


mostly  smaller.  Note  that  the  results  from  the  LDA  mea¬ 
surement  (taken  in  the  same  facility  and  at  the  same  flow 
condition  as  the  DPIV  measurement)  coincide  with  the 
DPIV  results.  This  indicates  that  the  systematic  devia¬ 
tions  of  the  DPIV  from  the  DNS  cannot  be  attributed  to 
non-ideal  behavior  of  the  tracer  particles,  or  to  the  dif¬ 
ference  between  the  number  of  exposures  in  the  PIV  and 
DPIV  measurements.  We  therefore  conclude  that  the  sys¬ 
tematic  deviations  are  not  the  result  of  differences  between 
PIV  and  DPIV,  but  should  be  attributed  to  the  fact  that 
the  measurements  were  carried  out  in  different  flow  facili¬ 
ties. 

The  differences  between  the  PIV  and  DPIV  results  for 
the  residuals  of  u’'*'  and  v’*  are  negligible  taking  into  ac¬ 
count  the  random  scatter  of  the  data.  If  the  random  errors 
(i.e.,  noise)  in  the  DPIV  data  were  substantially  larger  than 
those  in  the  PIV  data,  we  would  expect  that  the  results 
for  u''*'  and  v'"*’  from  the  DPIV  measurement  are  biased 
with  respect  to  results  from  the  PIV  measurement.  The 
corresponding  residual  profiles  in  Fig.  6  show  that  this  is 


not  the  case,  which  supports  the  conclusion  by  Westerweel 
(1993a,  1993b)  that  DPIV  can  yield  velocity  data  with  the 
same  level  of  accuracy  as  PIV. 

Note  how  Au''*'  for  the  LDA  and  DPIV  data  exhibit 
the  same  systematical  deviations  ove:  a  considerable  range 
in  r/D;  again  a  clue  that  the  differences  we  may  observe 
between  the  PIV  and  DPIV  results  reflect  differences  in 
the  flow  rather  than  differences  in  accuracy.  On  the  other 
hand,  there  is  a  considerable  bias  in  the  residual  profiles  of 
i'*'*'  for  the  LDA  data  with  respect  to  the  DPIV  data.  We 
believe  that  this  is  a  result  of  cross-talk  between  the  u  -t- 1> 
and  u  —  V  signals  in  the  LDA  measurement  (see  Tahitu 
1994). 

We  would  like  to  emphasize  here  on  which  level  of  detail 
we  evaluated  the  DPIV  data  in  Fig.  6:  a  difference  of  0.2'*' 
in  these  residual  profiles  corresponds  to  a  displacement  of 
0.12  px  in  the  digital  images.  Note  how  small  the  fluctua¬ 
tions  are  with  respect  to  the  equivalent  size  of  a  pixel. 

We  also  determined  the  skewness  and  kurtosis  factors 
(denoted  by  5  and  A'  respectively),  which  are  shown  in 
Figure  7  together  with  the  corresponding  results  for  the 
DNS  and  PIV  data  sets.  The  skewness  and  kurtosis  factors 
ate  directly  related  to  the  third  and  fourth  order  statistics, 
and  ate  generally  considered  to  be  mote  sensative  to  noise 
than  first  and  second  order  statistics. 

The  skewness  factors  of  both  u  and  t>  for  the  PIV  and 
DPIV  data  coincide  over  a  considerable  range  in  t/D.  Note 
the  similarity  of  the  skewness  factors  for  the  two  experi¬ 
mental  data  sets:  they  both  deviate  from  the  DNS  data  in 
the  same  manner.  We  emphasize  that  this  is  only  a  small 


r/D 

Figure  7:  The  skewness  (5)  and  kurtosis  (A)  factors  for  the  axial 
(top)  and  radial  (bottom)  velocities,  as  a  function  of  the  dimen¬ 
sionless  distance  from  the  pipe  wall.  The  dashed  lines  represent 
the  skewness  and  kurtosis  for  a  normal  random  process. 
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time  /  s 

Figure  8:  Grey  scale  maps  of  the  combined  spatially  filtered 
profiles  for  the  image  taken  at  0.1  s  intervals.  The  top  graph 
represents  the  residual  mean  axial  velocity  with  respect  to  the 
velocity  in  the  laminar  flow  state;  the  middle  and  bottom  graphs 
represent  the  result  for  the  axial  and  radial  RMS  fluctuating  ve¬ 
locities  respectively.  The  scale  of  the  contour  levels  is  in  mm/a. 


difference,  but  it  might  indicate  an  aspect  of  the  flow  that 
is  not  correctly  reproduced  by  the  DNS. 

The  differences  in  accuracy  level  between  the  PIV  and 
DPIV  data  sets  are  more  prominently  visible  in  the  re¬ 
sults  for  the  kurtosis.  Although  there  still  may  be  a  fair 
agreement  of  the  DPIV  data  with  respect  to  the  DNS  and 
PIV  data  for  A’(n),  there  is  an  obvious  bias  of  the  DPIV 
data  for  A'(u)  with  respect  to  the  DNS  and  PIV  data. 
It  should  however  be  mentioned  that  the  identification  of 
spurious  vectors  in  the  PIV  data  was  done  interactively, 
whereas  the  identification  of  spurious  vectors  in  the  DPIV 
data  was  done  automatically;  the  automated  procedure 
may  have  left  a  small  fraction  of  spurious  data  undetected. 
Besides,  this  procedure  is  based  on  second-order  statistics 
only,  which  may  also  have  contributed  to  the  bias.  It  is 
therefore  likely  that  the  bias  is  a  result  of  minor  shortcom¬ 
ings  of  the  detection  procedure,  and  that  an  improvement 
of  this  procedure  may  compensate  for  the  bias. 

4.2  transitional  flow 

In  the  measurement  of  the  transitional  flow  the  camera 
frame  rate  was  set  to  10  Hz.  The  acquisition  was  done  in 
the  ‘conditional-stop'  mode;  this  means  that  images  are  ac¬ 


quired  continuously  until  an  external  trigger  signal  is  gen¬ 
erated.  In  this  measurement  the  acquisition  was  stopped 
when  a  natural  transition  from  the  laminar  to  the  turbu¬ 
lent  flow  state  had  occurred.  We  found  that  the  transition 
passed  the  view  area  of  the  camera  between  5.8  and  8.0 
seconds  after  the  acquisition  of  the  first  frame  in  the  se¬ 
quence. 

To  visualize  results  we  determined  the  mean  axial  ve¬ 
locity  and  RMS  axial  and  radial  fluctuating  velocities  in 
the  axial  direction  for  each  individual  frame.  This  can  be 
viewed  as  applying  a  moving-average  filter  to  the  instanta¬ 
neous  flow  field,  i.e.: 

{V(r)),  =  fu,{r.z)dx 

(«'(r))?  =  /[tt,(r,x)  -  (C/{r)),l^  di 

L 

(and  vice  versa  for  i>)  where  the  index  i  denotes  the  frame 
number,  u,(r,  z)  the  instantaneous  velocity  field,  and  L  is 
the  integration  length  along  the  axial  direction  (viz.,  z). 
For  the  DPIV  data  the  (maximum)  integration  length  is 
determined  by  the  size  of  the  images  in  the  axial  direction, 
which  is  here  equal  to  one  pipe  diameter.  By  combining  the 
ftltered- velocity  profiles  we  obtain  two-dimensional  scalar 
data  sets  that  reveal  the  changes  in  the  flow  across  the  pipe 
as  a  function  of  time.  Figure  8  shows  the  results  for  (Af/). 
(tt')  and  (»'),  with;  (At/)  =  (U)  -  l/um,  where  l/|.m  is  the 
mean  audal  velocity  profile  in  the  laminar  flow  state  (i.e. 
for  frames  with  index  t  <56).  The  transition  first  appears 
near  the  centerline  at  (=6.2  s.  Fluid  near  the  centerline 
decelerates,  while  fluid  near  the  pipe  wall  accelerates.  By 
(=7.1  s  the  transition  has  reached  the  upper  and  lower  sec¬ 
tions  of  the  pipe  wall,  but  the  mean  velocity  continues  to 
develop  until  (=8.0  s. 

Flow  structures  that  move  with  the  speed  of  the  mean 
bulk  velocity  (see  Table  1)  will  take  about  0.3  s  to  travel 
across  the  field  of  view,  and  we  may  therefore  capture  these 
structures  in  three  consecutive  frames.  Figure  9  shows  sec¬ 
tions  of  three  vector  maps  of  the  instantaneous  fluctuating 
velocity  of  the  turbulent  flow  state  taken  at  intervals  of 
0.1  s.  Note  a  fairly  large  structure  which  deforms  and  ap¬ 
parently  grows  in  size,  while  it  passes  a  smaller  structure 
that  travels  at  a  lower  speed  close  to  the  pipe  wall. 

5  Conclusions 

From  the  results  presented  in  the  previous  section  we  con¬ 
clude  that  our  new  image  acquisition  system  complies  with 
the  requirements  for  (D)PIV  measurements  in  turbulent 
flows: 

•  the  image  resolution  is  adequate  to  resolve  both  the 
large-scale  and  the  small-scale  structure  of  the  flow; 

•  the  measurement  error  is  sufficiently  small  to  obtain 
accurate  results  for  the  statistics  (of  order  four  or  less) 
of  the  fluctuating  velocity; 

•  the  frame  rate  is  high  enough  to  capture  the  motion 
and  temporal  evolution  of  large-scale  coherent  flow 
structures. 
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For  the  first  time  a  detailed  comparison  has  been  made  be¬ 
tween  PIV  and  DPIV  measurements  in  a  non-lrivial,  un¬ 
steady  flow.  From  the  results  we  conclude  that  DPIV  can 
provide  data  at  the  same  level  of  accuracy  and  resolution 
as  the  conventional  PIV  method.  The  required  computa¬ 
tional  effort  for  the  interrogation  of  the  DPIV  images  is 
only  a  fraction  of  that  for  the  conventional  PIV  method. 
We  would  like  to  emphasize  the  fact  that  the  DPIV  mea¬ 
surements  were  carried  out  in  a  water  flow  does  not  imply 
that  DPIV  is  restricted  to  water  flows;  it  only  requires  a 
proper  scaling  of  the  parameters  listed  in  Tab.  1  to  facili¬ 
tate  DPIV  measurements  in  an  air  flow. 

The  transitional  flow  data  demonstrate  the  potential  of 
the  acquisition  system  with  respect  to  the  measurement  of 
time-resolved  image  sequences.  At  this  point  the  tempo¬ 
ral  resolution  of  the  acquisition  system  is  still  modest  (i.e. 
10  Hz  per  channel).  However,  an  upgrade  is  scheduled  for 
the  near  future  in  which  the  system  will  be  equipped  with 
two  new  cameras  that  have  a  frame  rate  of  33  Hz  each. 
This  will  allow  a  more  detailed  study  of  the  dynamics  and 
temporal  evolution  of  coherent  flow  structures. 

So  far,  we  have  not  utilized  the  capabilities  provided 
by  the  use  of  both  cameras,  in  the  future  we  intend  to 
carry  out  measurements  in  which  we  will  use  the  system 
for  stereoscopic  and  two-color  imaging. 


U. 


Figure  9;  A  sequence  of  three  vector  maps  of  the  fluctuating  in¬ 
stantaneous  velocity  in  a  turbulent  pipe  flow,  taken  at  intervals 
of  O.I  s.  The  top  arrow  represents  the  mean  axial  velocity  at 
the  centerline.  The  pipe  wall  is  located  at  y'*’  =0. 
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ABSTRACT 

The  Particle  Image  Velodmetiy  (FIV)  is  a  technique 
which  is  utilised  for  measuring  complete  velo(%  vector  fields 
in  a  few  microseconds  time.  However,  a  lot  of  time  is  required 
during  the  evahiatioo.  R  g..  if  employing  the  autooocrelatioa 
technique  it  is  necessary  to  calculate  a  few  thousand  auto- 
correlatioo  fiinctiaas  (ACFs)  for  each  nV  recording.  In  this 
paper  an  evahiatioo  system  for  photographical  FIV  recordings 
wUl  be  described,  wfakfa  allows  the  determination  of  the  ACFi 
of  small  sub  areas  of  the  recording  complete  anahtg  optically. 
An  optically  addressable  Uquid  crystal  spatial  light  «w«vtHi«tnr 
was  utilized  to  store  the  Young's  fringes  pattern  appearing  in 
the  frequency  plane  at  the  output  of  a  first  optical  Fourier 
processor  and  to  provirle  them  as  the  input  for  a  second  optical 
Fourier  processor.  Our  analog  optical  autoconrelator  offin  a 
high  processing  speed  and  suBultaneousiy  a  high  resolution  in 
the  autocorrelation  plane.  Ihe  realized  set  up  is  compact  and 
very  easy  to  handlB. 


1.  INTRODUCTION 

Today  Particle  Image  Vefedmetry  (FIV)  is  a  quite 
weO  known  measuring  technique  in  fluid  research. 

Although  complete  and  satiafyingly  performing  systems  are 
already  commercially  available  the  developmeat  is  still  gotng 
on  since  FIV  is  still  a  relatively  new  method. 

Some  of  the  working  FIV  systems  utilize  CCD 
cameras  and  video  technique  for  tiie  recording  of  the  FIV 
images  and  then  perform  a  conyletely  digital  evahiatioo. 
However,  for  fluid  mechanical  proUems  srith  increased 
requirements  concerning  the  space-bandwidth  product  (i  e. 
high  resolutirm  and  a  large  obsmatioo  field)  the  «n"v«n«<<wi 
photographic  technique  is  still  superior  to  the  digUally  working 
video  systems.  Photographic  film  (24  x  36  mm*  foraiafi  can 
have  a  resohitioo  of  more  than  1(X)  line  pairs  per  mm  (IpAnm), 
whoeas  CCD  chqis  until  e.  g.  2048  x  2048  pboels  and  25  x  25 
mm*  sensor  size  achieve  only  40  IpAnm.  Because  a  luge 
amount  of  information  contained  in  one  nV  exposure  has  to  be 
{Hocesaed  during  the  evahiation.  systems  utilizing  the 
conventional  photographic  recording  have  a  second  mqlor 
advantage.  It  is  po^le  to  perform  a  great  part  of  the  eval^ 
lion  of  the  exposures  analog  optically  so  thm  the  computalion 
time  can  be  reduced  significantly.  Rirthermore.  with  dighai 
interns  there  still  exists  the  proUem  of  writing  tiie  reccrded 


data  (4  MBytehecording  for  the  above  example)  onto  a 
mooR^  device  in  a  reaaonaUe  time  and  to  aupply  the  atrxing 
capacity  for  up  to  several  bundled  images  dur^  a  meaaining 
campaign 

For  the  evahiatioo  of  the  FIV  exposures  a  few 
thousand  two-dimenaiooal  ACPt  pet  exposure  have  to  be 
computed.  For  each  of  these  functions  the  local  maxunmn 
indicating  the  mean  particle  diaplacement  in  a  small  aubiegiao 
of  the  oiigiiial  image  hu  to  be  found  [1].  [2].  The  ciompiitstion 
of  the  AO*,  which  is  done  indireetly  by  computing  two  two- 
<timM«n««i  Fourier  transfarms  in  most  cases,  and  the  peak 
detection  in  the  autocorrelation  plane  are  the  critical  procediaes 
for  the  FIV  evahiatioo  with  respect  to  time.  Ihe  dixiied  ACP 
can  be  determined  digilally  or.  with  relatively  simple  setups, 
optically.  Iheie  have  been  quite  a  ftm  suggestions  how  to 
realiie  sndi  optical  baaed  tertmiquns  PI.  W.  (SI.  Ahhough  the 
digilally  and  optical^  working  system*  ^  tiinB  oonxmi^ 
evaluation  of  the  nV  recordings  increased  their  processing 
speed  coosidetdily  in  tiie  last  years,  a  fester  desermination 
ACF  is  will  desirable  v"*!  the  aim  remams  the 

evaluation  in  real  time.  Theiefoie  the  competition  between  the 
digitally  and  optically  working  techniques  bu  not  Slapped  yet 
Digitally  based  systems  increase  their  processing  every 
few  months  by  utiliziiig  new  and  more  powerful  hardware 
components  whereas  on  the  optics  side  new  optical  components 
are  developed  and  employed.  Because  in  principle  the  optical 
systems  can  yield  the  A(7  in  real  time  (the  determinatioo  of  the 
invrtived  Fourier  transforms  is  carried  out  with  the  qieed  of 
li^t)  the  work  in  this  field  still  continues. 

As  inB«uiniM».i  above  two  two-dimenskmal  Fourier 
transforms  have  to  be  determined  to  get  the  desired  ACF  [1]. 
The  input  to  the  first  optical  Fourier  processor  is  achieved  by 
siiiqily  illiuninaling  a  smaO  ao  called  Intenogation  area'  of  the 
photogrqiluc  n^ative  of  the  FIV  exposure  with  a  laser 
beam.  The  mqjor  problem  for  the  optical  systems  is 

how  to  get  the  out^  data  of  the  first  oftiical  Fourier  processor. 
the  so  called  Young's  fringes,  into  the  second  one.  Li  prindple 
the  output  of  the  first  processor  can  be  recorded  with  a  vi^ 
camera  and  subsequently  be  fed  to  a  liquid  crystal  spatial  light 
modulator  (LC-SUd)  [4].  [5].  Another  possilnliqr  is  to  write  the 
fringe  pattern  optica%  to  an  appropriate  l^t  modulator. 
Op&al  set  iq»  with  electronically  adressaUe  liquid  crystal 
li^  modulators  are  easy  to  handle  and  allow  frame  rates  (data 
inpufi  about  100  Hz,  but  due  to  the  finite  size  of  their  pixels 
(currently  about 60  x  76  pm*)  tiwir  spatial  resolution  is  limited. 
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Furthermore  the  input  dnu  to  these  devices,  the  fringes,  hsve  to 
be  digitized  before  they  are  fed  into  this  kind  of  light 
mndtilatot.  The  optically  adressable  Bi„SiO„  (BSO)  spatial 
light  modulators  on  the  other  hand  hwe  a  higher  spatial 
resolution  but  at  the  same  time  they  requite  some  effort  for 
operation  (high  voltage,  flash  lamps  for  erasing  the  data.  etc.). 

The  optically  working  evaluadon  system  presented 
here  combines  the  advantages  of  the  a^e  nu»nrinn<»H 
techniques  by  simultaneously  avoiding  their  disadvantages.  Our 
system  utilizes  an  optically  adressed  liquid  crystal  spatial  light 
modulator  crqrable  of  frame  rates  in  the  or^  rtf  the  video 
frequency  and  with  a  high  spatial  resolution  of  40  Ip/mm  (in  the 
frequency  domain).  The  dwice  is  extremely  easy  to  handle 
(operating  voltage  ca.  S  V  a.  c..  frequency  10  - 1000  Hz)  so  that 
the  entire  optical  setup  itself  is  also  quite  simple  and  compact 


2.  EXPERIMENTAL  SET  UP 

2.1.  Optical  part  of  the  evaluation  system 

Up  to  now  two  systems  for  the  evaluation  of  photo¬ 
graphical  FIV  recordings  by  means  of  the  optically  addrei^h** 
SLM  (type  300  p/Ql  of  Jenoptik  Technologie)  are  realized.  The 
one  built  at  DLR  makes  use  of  alresdy  available  hardware 
components  belonging  to  an  existing  analog-optical  /  digital 
evaluation  system  which  involves  the  employment  of  a 
workstation  for  the  peak  detection  and  post  processing  of  the 
data.  The  second  one  which  was  developed  at  Jenoptik 
TechnoU^ie  is  a  PC  baaed  system.  The  optical  set  up  for  both 
systems  is  the  same  in  principle.  Figure  1  shows  the  optical  part 
of  the  evaluation  system  as  U  was  realized  at  DLR. 


rMdMDMm 


size  on  the  FIV  recording.)  This  way  the  Young's  fringes  pattern 
(i.  e.  the  two  dimenskwal  spectrum)  corresponding  to  the 
particle  image  displacement  inside  the  present  interrogation 
spot  is  imaged  onto  the  light  sensitive  layer  of  the  light 
modulator. 

The  readout  beam  is  reflected  onto  the  back  plane  of 
the  SLM  by  means  of  two  mirrors  and  a  second  beam  splitter. 
This  beam  impinges  onto  the  right  hand  side  of  the  SLM  and  is 
phase  modulated  by  the  device  according  to  the  Young's  fringes 
pattern.  (The  worldng  princqile  of  the  optically  addressable 
spatial  light  modulator  is  explained  in  det^  belm.)  Due  to  a 
mirror  inside  the  SLM  the  readout  beam  is  reflected  back  again. 
The  part  of  the  now  modulated  readout  beam  passing  the  beam 
split^  is  then  also  Fourier  transformed  by  another  Fourier  lens 
thus  yielding  the  two  dimensional  spectrum  of  the  Young's 
fringes  pattern,  i.  e.  the  autocorrelatioo  of  the  greyvahie 
distribution  inside  the  interrogation  q)Ot  The  ACF  is  recorded 
by  a  video  camera. 


2.1.1.  Optically  addressable  LC  spatial  light  modulator 

The  optically  adressed  LC-SLM  (see  also  [6],  [7].  [8]) 
is  a  sandwich  system  consisting  of  a  photoconductor,  a  liquid 
crystal  layer,  a  dielectiic  mirror,  alignment  lavers,  and 
transparent  electrodes  on  glass  substrates  (figure  2).  The 
alternating  vdtage  applied  to  the  transparent  electrodes  is 
divided  according  to  the  impedance  of  the  different  layers.  As 
light  impinges  onto  the  (diotooooductive  material,  the 
conductivity  of  the  latter  increases  so  that  the  cotrespoodini^y 
incresiting  vdtage  drop  across  the  liquid  crystal  results  in  a 
variation  of  the  orientation  of  the  mdecules.  This  SLM  may 
therefore  be  used  to  transform  twodimensional  intensity 
distributions  into  suitable  distributions  of  refractive  index  on 
the  output  side,  if  the  selection  and  control  of  suitaUe 
photoconductors  does  not  produce  any  noticeable  lateral  charge 
balancing. 

In  the  SLMs  Plasma-CVD-deposited  a-SiJl  on 
indium-tin-ortide  (TTO) -coated  glass  subdrates  is  used  as  a 
pbotoconductive  layer.  To  reflect  the  light,  a  multilayer 
dielectric  mirror  is  produced  between  a-SLH  and  LC  by 
electron-beam  evaporation  of  TiO,  and  SiO,.  With  planar, 
untwisted  alignment  a  nematic  LC  is  a  nniarnsl  birefringent 
medium.  Alignment  is  achieved  by  a  polyimide  layer. 


Rgure  1:  All  optical  autocorrelator  for  the  evaluation  of 
photographical  PIV  recordings 

On  the  left  hand  side  of  I^gute  1  there  is  the  light 
source,  a  He-Ne  laser,  with  a  subsequent  spatial  filter  which 
removes  the  imperfections  of  the  origitul  laser  beam.  The 
spatial  filter  the^ore  helps  to  provide  a  low  signal  to  noise 
ratio  as  well  in  the  frequency  plane  as  in  the  autocorrelation 
plane.  Behind  the  spatial  filtm  the  beam  is  splitted.  The  rays 
passing  the  beam  splitter  (the  write  beam)  are  focused  by  the 
subsequent  Fourier  lens  onto  the  light  modulator.  The  FIV 
recording  which  is  to  be  analyzed  is  placed  between  Fourier 
lens  and  Fourier  plane,  L  e.  in  the  converging  part  of  the  beam 
[10].  (This  arrangement  allows  an  adjustable  interrogation  spot 
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Hgure  2:  Principle  of  the  optically  adressable  liquid  crystal 
light  modulator 

Due  to  the  biiefringent  properties  of  the  molecuies 
li^t  passing  the  liquid  aystal  is  phase  modulated  according  to 
the  pattern  of  the  more  or  less  tilted  molecules.  The  write  beam 
with  the  input  pattern  incidents  from  the  left  onto  the  device 
whereas  the  readout  beam  &lls  onto  the  device  from  the  right 
hand  side.  The  readout  beam  passes  the  liquid  crystal  and  is 
reflected  by  the  dielectric  mirror  so  that  it  passes  the  crystal 
twice.  Leaving  the  device  the  readout  beam  is  thus  phase 
modulated  correqponding  to  the  irqnit  pattern. 

The  scope  of  possible  SLM  applications  in  Fnirier 
processors  is  detained,  among  other  things,  by  the  absolute 
and  spectral  sensitivity  of  the  LC~SLM  [9].  Figure  3  shows  the 
illumination  dependence  of  the  phase  shift  A9  of  die  readout 
light  with  difterent  drive  frequencies.  For  this  measurement  the 
readout  wavelength  is  given  by  X^>551iun  and  the  write 
wavelength  by  -  633  nm.  The  direction  ci  polarizatkm  of  the 
readout  light  is  parallel  to  n^.  the  extraordinary  refractive 
index.  At  a  drive  frerpieocy  of  ma  100 Hz  and  an  effective 
voltage  rtf  11^*3,25  V  an  illuminatum  intensity  of  I.* 
10  pW/cm’  is  reriuited  to  generate  a  phase  shift  of  A9  «  n.  The 
higher  the  selected  drive  frequency,  the  higher  the  illuminatirxi 
intensity  must  be  chosen  (I.  *■  m).  The  stabilisation  of  the  phase 
shift  on  the  readout  side  is  guaranteed  by  controlling  the  SLM 
drive  frequency.  The  maximum  spectral  sensitivity  for  typical  a- 
SLH  layer  thicknesses  of  about  3  pm  ranges  between  600  and 
630  nm. 


In  another  test  rectangular  gratings  were  projected 
onto  the  a-SiJI-layer  with  a  line-to-spaoe  ratio  of  1:1  to 

rii#L  raanhirinn  nf  rint  ttaviMi  Bmm  the  nUensiry  of  the 

zeroth  order  of  diffraction  1,,  the  diffractioo  efficiency  t|  can  be 
determined  as  a  ftmcdon  of  the  qiatial  frequency  e  of  the 
grating.  Hguie  4  shows  the  dependence  measured  fm  a  LC 
layer  rtiirJfiMBM  d^^  «  6  pm.  A  diffiaction  efficiency  of  max.  q 
>  100  %  is  obtained  for  rectangular  phase  profiles  with  a  line- 
to-space  ratio  of  1:1  and  a  phase  deviatioo  of  Atpait.  Thedrop 
in  diffractioo  efficieocy  wito  increasing  spatial  frequency  is  due 
to  the  change  in  phase  form  caused  by  a  spread  of  tte  field 
distributian  in  die  LC  and  a  lateral  char^  balance  in  the  a-SiJl 
or  the  mirror  system,  respectively.  the  usual  LC 
thicknesses  of  d„.  >  6  pm.  the  resolution  limit  is  around  35  • 
40^/inm. 
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Rguie  3:  Dependence  of  phase  shift  on  write  light  intensi^  for 
different  drive  frequencies 


ngured:  Modulation  transfer  function  of  the  LC-SLM 


The  dynamic  behaviour  of  the  LC-SLM.  Le.  the 
optical  response  to  the  illuminatirm  pulses,  is  determined  by  the 
speed  of  the  voltage  change  between  the  a-SiiH  and  IC-layers 
as  well  as  by  the  r^mamics  of  the  LC  molecule  distribution  of 
the  LC-layer.  Rgure  5  shows  an  oscillogram  widi  the  switching 
behaviour  of  the  SLM.  The  illumination  pulse  was  attained 
with  a  mechanical  shutter,  the  exposure  intmisity  I.  giving  a 
phase  difterence  of  the  readout  light  of  Af  «  n. 
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Figure  S:  lime  response  of  the  LC-SLM  (CHI:  output  light 
response;  CH2:  write  light,  horizontal  scale  20  ms  div  ') 


2.2.  Digital  part  of  the  evaluation  system 

After  the  ACF  is  recorded  the  coordinates  of  the  peaks 
in  the  autocorrelation  plane  representing  the  particle  image 
di^lacement  are  still  to  be  determined.  This  is  done  digitally. 
The  ACF  is  therefore  transfened  to  the  memory  of  a  computer 
by  means  of  a  frame  grabber.  In  our  case  a  workstation  (SUN 
Sparc  station  lOMl),  or  a  4S6-PC  reap.,  are  utilized  for  this 
purpose. 

With  no  a  priori  knowledge  about  the  position  of  the  correlation 
peaks  the  whole  autocorrelation  plane  has  to  be  searched  for 
these  peaks.  The  algorithm  implemented  on  the  workstation 
clips  the  greyvalue  distribution  of  the  ACF  at  an  automatically 
calculated  threshold  and  connected  parts  of  the  ACF  with 
greyvalues  bigger  than  the  threshold  are  labeled.  In  a  second 
step  the  centre  of  these  labelled  areas  is  determined  considering 
the  grevalues  of  the  individual  pixels  and  their  location.  A 
curve  fit  of  the  peaks  with  e.  g.  a  two  dimensional  Gaussian 
function  is  also  implemented.  This  whole  algorithm  is  quite 
time  consunung.  Whereas  the  determirution  of  the  ACF  itself 
can  nearly  be  done  with  video  frequency  in  our  system  the 
grabbing  of  the  ACF  and  the  peak  determination  ate  now  the 
limiting  operations  with  respect  to  speed:  the  workstation  based 
evaluation  system  with  the  above  described  algorithm  for  the 
peak  detection  therefore  still  requires  1  second  for  evaluating 
one  interrogation  spot  An  adaptive  (with  respect  to  size  and 
location)  region  of  interest  would  significantly  reduce  this  time. 
This  has  not  been  implemented  up  to  now,  as  the  DLR  FIV 
system  is  rather  aimed  at  high  quidity  (high  spatial  reshition, 
small  fluctuations,  no  loss  of  data)  than  at  high  ^>eed 
evaluation.  The  evaluation  system  based  on  the  workstation  is 
working  fully  automatically. 

The  PC  based  system  Jenoptik  Tecimologie 
comprises  an  IBM  compatible  486-FC  equipp^  with  slots  for  a 
x-y  stage  controller,  the  SLM  controller  and  the  frame  grabber. 
The  CCD  camera  is  a  Sony  XC-77  CE  (756x581  pixels), 
woridng  on  2/3"  interline-transfer-module  basis.  The  x-y  stage 
can  be  operated  with  a  maximum  speed  of  52400  steps  /second 


(minimum  step  size  1  ym).  An  altenuiting  (square-wave) 
voltage  programmable  in  amplitude  and  frequency  is  generated 
by  the  SLM  controller  and  this  a.c.  voltage  is  selected  according 
to  the  FIV  film  contrast  Using  this  system  components  in 
combination  with  a  plain  peak  detection  algorithm  in  an 
interactively  defined  region  of  interest  a  processing  qieed  of 
165  ms  per  velocity  vector  can  be  achieved.  Therefore  an 
evaluation  of  a  FIV  recording  consisting  of  approx.  35(X) 
interrogation  spots  as  e.  g.  in  Hgure  9, 10  or  12  la^  less  than 
10  minutes.  It  is  expected  that  this  speed  can  even  be  increased 
by  a  factor  of  two  applying  a  local-bus  PC. 


3.  TEST  OF  THE  NEW  EVALUATION  SYSTEM 

Some  basic  tests  were  performed  before  the  first  ITV 
recordings  were  analyzed  by  the  all  optical  autoconelator.  Rrst 
of  all  the  linearity  of  the  system  was  checked.  For  this  purpose 
we  utilized  some  'artificial'  nV  e3qx>sures.  so  called 
specklegrams.  The  utilized  specklegrams  were  achieved  with  a 
double  exposure  of  a  spec^  pattern  before  and  after  this 
pattern  was  shifted  by  a  certain  amount  Therefore  they  show  a 
noise  pattern  of  constant  displacement  over  the  whole  image. 
The  displacement  of  the  different  specklegrams  is  determined 
by  means  of  a  microscope  and  by  eye. 

The  evaluation  of  qrecklegrams  with  three  different 
displacements  (152  ym,  217  ym,  and  406  ym  resp.)  revealed 
the  expected  linear  relationship  between  the  displacement  on 
the  an^yzed  images  and  the  location  of  the  correlation  peaks  in 
the  A.CB  plane. 

To  determine  the  scale  in  the  ACF  plane  further  tests 
were  performed  by  evaluating  three  different  qrecklegrams  at 
different  positions  witii  respect  to  the  distance  between  ITV 
recording  and  SLM  in  the  optical  set  up  [5].  With  these  tests 
the  also  linear  dependency  between  the  scale  in  the  ACF  plane 
and  the  distance  d  between  the  receding  and  the  corresponding 
first  Fourier  plane  (see  figure  1)  was  checked  and  proved.  The 
recordings  with  the  nmninal  di^lacement  of  151  ym  and  406 
ym  were  evaluated  at  two  (Cerent  distances  d  and  the 
recording  with  the  nominal  displacement  of  217  ym  at  three 
different  distances. 

These  measurements  were  simultaneously  utilized  to 
calibrate  the  whole  evaluation  system,  i.  e.  the  optical  and  the 
digital  part  of  the  system  as  a  e^le.  This  is  itecessaty  because 
the  result  cf  the  peiik  determination  is  related  to  the  pixel  grid 
of  the  frame  grabber  that  recorded  the  ACF.  Thus  for 
calculating  the  di^lacement  on  the  analyzed  FIV  recording  a 
relation  between  these  pixel  coordinates  and  the  orig^ 
displacement  with  the  unit  'meter'  has  to  be  established, 

Hgure  6  shows  the  results  in  form  of  the  determined 
calibration  factor.  The  expected  linear  relationship  between 
displacement  on  the  recordings  and  the  distance  d  on  the  one 
ha^,  and  the  di^lacements  given  by  the  peaks  in  the  ACF 
plane  on  the  other  hand  is  obvious.  The  standard  deviation  error 
bars  are  considerably  smaller  (■>  Iff’  ym/^ixel)  than  the 
symbols  utilized  for  the  measurement  points  and  therefore  not 
plotted  in  this  figure. 
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larger  displacement  in  the  specklegrams  can  yield  a  smaller 
value  for  the  corresponding  displacement  in  the  ACF  plane. 


Figure  6:  Linearity  and  calibration  curve  of  the  all  optical 
autocorrelafor  (see  text  for  details) 


4.  COMPARISON  Vmn  OTHER  EVALUATION 
SYSTEMS 

To  compare  the  performance  of  the  new  all  optical 
evaluation  system  with  a  conventional  analcg-opticid  /  digital 
system  as  dcsciibed  by  Hdcker  [11]  and  sntfa  the  analog-optical 
/  analog-optical  system  presented  by  Vogt  and  Kbmpenhans  in 
[5]  three  different  FIV  recordings  <£  the  kind  described  in  the 
previous  charter  strere  analyzed  svith  the  different  systems.  The 
computer  programs  utilized  for  the  processing  of  the  ACFs  srere 
the  same  in  all  three  cases. 

Hie  displacements  of  the  three  analyzed  patterns  were 
determined  by  eyt  under  a  microscrgie  and  were  found  to  be 
ISl  iim,  217  tim  and  433  pm.  A  displacement  of  200  pm 
between  the  image  pairs  on  a  IW  n^ative  is  a  value  which  is 
t^ical  for  the  DUI-FIV  system.  Ihe  measurement  of  the 
di^lacements  by  eye  might  not  be  the  best  way  to  proceed,  but 
for  the  purpose  of  comparing  the  evahiat^  systems  the 
constancy  of  the  displacement  is  the  only  important  feature,  not 
the  di^lacement  value  itself.  The  foct  that  the  displacement  is 
constant  all  over  the  recording  is  guaranteed  by  the  way  die 
spedd^ams  were  created. 

Each  of  the  images  was  evaluated  at  400  different 
interrogation  spots  whithin  an  area  in  the  centre  of  the 
recordings.  The  results  are  given  in  the  tables  1. 2  and  3.  The 
Erst  column  indicates  the  measured  shift  on  the  recording,  dm 
second  the  result  of  the  evaluations,  the  third  the  standard 
deviation  of  the  determined  displacement  and  the  fourth  the 
standard  deviation  in  relation  to  the  absolute  value  of  the 
determined  shift. 

The  last  columns  cf  the  tables  indicate  that  the  new 
all  optical  evaluation  method  yields  the  smallest  relative  mat 
for  tte  determined  displacements.  This  is  mainly  due  to  the  hct 
that  the  optics  of  the  evaluation  system  allow  an  individual  and 
continuous  adjusting  of  the  distance  of  the  correlation  peaks 
respect  to  the  center  in  the  ACF  plane.  Such  an  adaption 
can  not  be  carried  out  with  folly  digitally  wotldng  systems.  The 
possibility  to  adapt  the  scaling  within  the  evaluation  system 
also  explains  that  after  a  rearrangement  of  the  optical  set  up  a 


Table  1 ;  Analog-optical  /  digital  evaluation 


/  pm 

r /Pixel 

o,  /Pixel 

ajr 

151 

44.55 

0,0192 

4.3110^ 

217 

40,74 

0.0138 

3,3910^ 

433 

34.18 

0,0110 

32210'‘ 

Table  2:  Analog-optical  /  analog-optical  evahution  with 
electronically  addressable  LCD-SLM 


/  pm 

r /Pixel 

a,  /Pixel 

ojr 

151 

198.85 

0,0609 

3,06-10^ 

217 

196,56 

0.0422 

2.15-10^ 

433 

168,78 

0,0375 

2.2210^ 

Table  3:  Analog-optical  /  analog-optical  evaluation  with 
optically  addressable  LC-SLM 


/  pm 

r /Pixel 

o,  /Pixel 

ajr 

151 

339.70 

0.082 

2.41-10* 

217 

31439 

0.044 

l,40-l(y* 

433 

38022 

0,044 

l.lfi-KT* 

In  another  more  qualitative  cottq>arison  the  system 
utilizing  the  electronically  addressable  SIM  end  the  optically 
addressable  SLM  were  compared  with  ITV  recordings  of  a 
turbulent  flow  ffeld.  These  recordings  were  made  1.3  m 
downstream  of  a  regular  grid  with  a  rod  diameter  of  1.5  mm 
and  a  mesh  size  of  19.0  mm.  This  grid  produced  an  additional 
turbulence  of  0.46  %  (measured  with  a  hot  wire  anemometer)  in 
a  lamirar  wind  tunnd  flow.  The  figures  7  and  8  show  the 
results  of  this  comparison  in  a  small  sector  of  the  recorded  flow 
field.  (Figure  9  shows  the  result  of  the  whole  evaluation.)  I¥om 
these  figures  the  enhanced  resolution  cd  ti»  new  all  optical 
autocorrelator  becmnes  evident 
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Rgure  7:  Sector  of  a  flow  field  behind .  g"‘  -I'etennined  with 
an  evaluation  system  utilizing  an  electre  >cally  addressable 


SLM 


Rgiire  8:  Same  sector  as  in  figure  7.  but  now  evaluated  with  an 
evaluation  system  utilizing  the  optically  addressable  SLM 


5.  EXAMPLES  OF  DIFFERENT  APPUCATIONS 

The  new  evaluation  system  was  utilized  to  evahiSie 
FIV  recordings  of  different  measurement  campaigns  performed 
at  DLR  Gottingen.  The  following  figures  show  the  results  of  a 
flow  field  behind  a  grid,  behind  a  circular  cylinder  in  cross 
flow,  above  a  NACA  0012  airfoil,  and  the  flow  field  behind  a 
car  model  It  is  eiqrhasized  that  the  displayed  results  ate  raw 
data.  I  e.  they  ate  not  filtered  or  smoothed. 


HtNuwo  Virtan  010  m/a 


ngute9:  inirbuleot  flow  field  behind  a  grid,  10  m/s,  mean  flow  velocity  subtracted.  Tiirbulenoe  level  0.46%.  size  of 

observation  field  10  x  IS  cm’,  (peak  detection  and  post  processing  with  the  workstation  based  system  of  DLR) 
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Figure  10:  Wake  behind  a  circular  cylinder  in  cross  flow;  Re  »  20000.  *■  15  mjs.  ■  8.7  mjs  subtracted,  diameter  of 

cylinder  2  cm,  (peak  detection  and  post  processing  with  the  workstation  based  system  of  DLR) 


Marine*  Vieten  20000  m/i 


Hgure  11:  Flow  field  above  a  NA(3A0012  airfoil  (from  [^.  Ma  ■  0.75.  angle  of  attack:  5*.  311  m/»  subtracted, 

chord  length  of  airfoil «  20  cm.  (peak  detection  and  post  processing  with  the  woricstation  based  system  of  DLR) 
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Figure  12;  Fbw  field  behind  a  car  model  (from  [9]).  U,,  =  SO  m/s.  =  38  m/s  subtracted,  size  of  observation  field  20  x 
31  cm‘,  (peak  detection  and  post  processing  with  the  PC  based  system  of  Jenoptik.  evaluation  time  «•  10  min) 


7.  CONCLUSION 

The  results  presented  in  this  paper  show  that  the  all 
optical  autocorrelator  with  the  optically  addressable  spatial 
light  modulator  is  a  very  suitable  tool  for  the  evaluation  of 
photogr^hical  PIV  recordings.  The  first  major  advantage  of  the 
system  is  the  short  time  which  is  necessary  to  determine  the 
ACF.  Due  to  the  fact  that  the  ACP  can  be  determined  almost 
with  video  fiequency  the  need  for  faster  but  nevertheless  exact 
and  general  p^  searching  algorithms  in  the  ACF  plane  now 
becomes  increasingly  important  The  second  advantage  of  our 
set  up  is  the  enhanced  displacement  and  therefore  velocity 
resolution  (see  figure  7  and  8),  which  allows  to  detect  even 
small  velocity  fluctuations  and  very  weakly  proiwunced 
structures  in  the  flow. 
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1  Introduction 

The  Particle  Tracking  Velocimetry  (PTV)  technique 
works  by  recording,  at  different  instances  in  time,  po¬ 
sitions  of  small  tracers  particles  following  a  fluid  flow 
and  illuminated  by  a  sheet,  or  pseudo  sheet,  of  light. 
It  aims  to  recognize  each  particle  trajectory,  consti¬ 
tuted  of  n  different  spots  and  thus  determine  each  par¬ 
ticle  velocity  vector.  In  the  present  paper,  we  devise 
a  new  method,  taking  into  account  a  global  consis¬ 
tency  of  the  trajectories  to  be  extracted,  in  terms  of 
visual  perception  and  physical  properties.  It  is  based 
on  a  graph-theoretic  formulation  of  the  particle 
tracking  problem  2md  the  use  of  an  original  neural 
network,  called  pulsed  neural  network. 

1.1  Background 

Particle  tracking  is  one  of  the  simplest  and  most  power¬ 
ful  methods  of  quantitative  visualization.  It  is  among 
the  few  capable  of  providing  instantaneous  maps  of 
magnitude,  over  extended  areas,  such  as  velocity  or 
vorticity.  Some  reviews  on  particle  tracking  velocime¬ 
try  (PTV)  describe  the  principles  and  applications 
of  many  types  of  PTV  ([Adr91],  [Hes88],  [Agu87], 
[Adr86],  [Buc92]),  which  are  applicable  from  slow  to  su¬ 
personic  flows.  Various  methods  have  been  developped 
for  PTV,  using  classical  image  processing  techniques  : 
estimation  of  the  particle’s  mean  displacement  during 
two  images  and  search  of  the  new  position  of  the  par¬ 
ticle  on  the  following  image  thanks  to  the  estimated 
velocity  [Nis89],  minimization  of  an  objective  function 
[Cha85],  point-by-point  matching  by  statistical  analy¬ 
sis  of  displacement  vectors  [Has91],  [Gra89].  It  appears 
that  those  current  methods  present  several  drawbacks  : 

•  the  algorithms  use  image  processing  techniques 
like  correlation  or  search-tree,  which  imply  a  high 
sensitivity  to  noise  and  a  low  speed  of  computa¬ 
tion. 


•  they  provide  degraded  results.  As  a  consequence, 
a  post-processing  step  is  necessary  to  suppress  er¬ 
rors. 

Obviously,  improvements  can  be  obtained  by  us¬ 
ing  more  sophisticated  image  processing  techniques, 
so  as  to  use,  for  instance,  the  information  present 
in  the  original  image,  with  a  higher  efficiency.  Sev¬ 
eral  papers  express  some  feature  grouping  problem  as 
combinatorial  optimization  problems  and  try  to  mini¬ 
mize  a  global  cost  function  including  local  constraints 
([Par89],  [Sha88],  [Moh92],  [Den89],  [Pet91],  [Gyu91], 
[Yui91]).  A  major  drawback  is  that  all  these  methods 
need  to  be  parameterized.  Moreover,  their  computa¬ 
tional  time  is  so  great  that  they  are  only  applied  to 
small  size  problems. 

1.2  A  new  formulation  for  the  particle 
tracking  velocimetry  problem 

Our  algorithm  consists  of  two  distinct  processing 
stages  : 

1.  Creation  of  potential  features  extracted  from  the 
original  image,  thanks  to  metric  constraints  im¬ 
posed  by  the  image  acquisition  process,  and  de¬ 
termination  of  a  matrix  representing  mutual  con¬ 
sistency  between  potential  features,  by  use  of  per¬ 
ceptual  grouping  notions  and  physicsd  properties 
of  the  studied  phenomena. 

2.  Extraction  of  a  set  of  features  satisfying  each  con¬ 
straint  in  terms  of  global  consistency,  through 
a  global  constraints  satisfaction  problem  and  a 
pulsed  neural  algorithm. 

First  and  foremost,  some  points  identified  as  particle 
spots  are  extracted  from  the  original  numerical  image. 
The  corresponding  points  list  will  be  used  to  generate 
a  certain  number  of  potential  features.  Each  feature 
represents  a  potentiaJ  particle  trajectory.  Generation 
of  such  potential  features  (or  trajectories)  uses  some  a 


priori  knowledge  related  to  the  experimental  acquisi¬ 
tion  process  (namely  ;  number  of  points  making  up  a 
trajectory,  points  layout,  fluid  maximal  speed).  At  this 
stage,  numerous  errors  can  exist.  Our  aim  is  to  obtain 
a  solution  without  these  errors.  Our  method  makes  use 
of  perceptual  grouping  notions  and  physical  properties 
of  the  fluid,  like  viscosity,  speed,  Reynolds  number,  so 
as  to  define  consistency  coefficients  between  ea^K  pair 
of  potential  trajectories. 

The  particle  tracking  problem  can  be  formulated  as 
a  global  constraints  satisfaction  problem.  One  defines 
a  graph,  in  which  vertices  are  potential  features,  and 
each  edge  between  two  vertices  is  weighted  by  a  binary 
incompatibility  coefficient  between  the  corresponding 
features.  Incompatibility  coefficients  between  features 
are  defined  thanks  to  perceptual  considerations  and 
physical  incompatibilities  on  the  image.  The  incom¬ 
patibility  graph  points  out  which  particle  trajecto¬ 
ries  are  mutually  incompatible.  It  provides  hard  con¬ 
straints  on  the  features  subset  to  be  selected.  Another 
coefficient,  called  consistency  coefficient,  is  defined  be¬ 
tween  any  two  features,  through  physical  properties 
on  fluid.  A  function  of  all  the  potential  trajectories 
meaisures  the  global  consistency  of  any  subset  of  po¬ 
tential  features  labelled  as  particles.  Such  a  function 
is  called  global  consistency  function.  The  problem  is 
then  to  select  the  subset  of  potential  features  which 
maximizes  this  global  consistency  function,  while  sat¬ 
isfying  all  hard  incompatibility  constraints.  In  a  word, 
the  solution  must  be  the  best  independent  set  of  the 
incompatibility  graph,  maximizing  the  ,;lobal  consis¬ 
tency  function.  Therefore,  the  particle  tracking  prob¬ 
lem  is  a  global  constraints  satisfaction  problem. 

We  will  devise  a  neural  method  to  solve  this  global 
constraints  satisfaction  problem,  using  a  new  family  of 
neural  network  ;  the  pulsed  neural  network. 


which  Pi  =  1  if  i  is  retained  in  the  final  solution  and 
Pi  =  0  otherwise.  Given  these  definitions,  we  define  a 
quality  function  E(^  =  qirPi  Pi- 

From  a  mathematical  point  of  view,  the  global  con¬ 
straints  satisfaction  problem  that  we  need  to  solve  is  ; 

finding  p  maximizing  E[p)  =  Xlili  Eyli  Qij  Pi  Pi 
while  satisfying:  {  j 


Cij  =  0 


(1) 

or,  in  other  words  ;  finding  p  such  that  {pi  ( pi  =  1}  is 
an  independent  subset  of  C  and  such  that  p  maximizes 
E(p). 


2.2  The  pulsed  neural  network  model 

The  mathematical  model  of  an  artificial  neural  net¬ 
work  is  composed  of  two  principal  components  :  neu¬ 
rons  and  synaptic  weights  Tii  between  neurons.  Tij 
represents  the  synaptic  connection  strength  between 
neurons  i  and  j.  Each  artificial  neuron  has  an  input 
u,,  called  potential,  and  an  output  p,.  The  gain  func¬ 
tion  Pi  =  /(u,)  used  is  a  step  function,  named  Me 
Culloch-Pitts  neuron  model  : 

f  Pi  =  1  if  >  0 

\  p,  =  0  if  u,  <  0 

The  vector  p  =  (Pi,--.,PN)  represents  the  state  of 
the  neural  network.  Our  artificial  neural  network  con¬ 
sists  of  recursive  neurons  which  are  auto-connected 
(Tii  ^  0)  and  potentially  fully  inter-connected  with 
symmetric  weights  {Tij  =  Tji).  The  potential  tempo¬ 
ral  evolution  is  given  by  ; 


Uiit+\)  =  F(pi(t), . .  .,P,_l(t),Pi(<),Pi+l(t),  .  ..,PN{t)) 


2  Pulsed  neural  network 

2.1  Formulation  of  the  global  con¬ 
straints  satisfaction  problem 

Let  us  define  a  graph  C  =  (V,E),  with  a  vertices 
set  V  =  {0,1,..., iV}  and  an  edge  set  E  =  {ij  | 
(i,j)  €<  1,N  >^,i  ^  j}.  The  adjacency  matrix  of 
C,  Ac  =  (cii)(i,j)6<i,Ar>a,  is  a  binary  matrix  and 
represents  compatibility  (cjj  =  1)  or  incompatibility 
(cij  =  0)  between  features  t  and  j.  Let  C  be  the 
incompatibility  graph,  corresponding  to  C,  such  that 
its  adjacency  matrix  is  Ag  =  (Cii)(«,j)g<i,Ar>>.  with 

Cij  =  1  —  Cij . 

Let  Q  =  (9i; )(«,>)€<!, consistency  matrix, 
which  measures  a  real  consistency  value  between  fea¬ 
tures  t  and  j.  We  define  p  =  (pi, . . . ,Pff)  a  vector  in 


Such  a  network  is  a  variant  of  the  Hopfield  model 
([Hop82]). 

A  neuron  is  ascribed  to  each  vertex  of  the  incompat¬ 
ibility  graph  C.  A  neuron  belonging  to  the  final  solu¬ 
tion  will  have  its  output  equal  to  1  in  the  final  state 
vector.  A  neuron  with  an  output  equal  to  0  will  not 
belong  to  the  final  solution.  Initially,  all  ouputs  are  set 
equal  to  0  and  all  inputs  are  randomly  generated  with 
negative  values.  So  as  to  speed  up  convergence  time, 
the  potential  u,-  are  bounded.  Due  to  the  small  enough 
bounding  interval,  every  potential  variation  induces  a 
state  shift  of  the  value  pi . 

The  evolution  equation  is  defined  so  that  to  max¬ 
imize  the  quality  function  E{p),  while  satisfying  ail 
hard  constraints.  The  problem  is  to  find  an  indepen¬ 
dent  set  of  the  incompatibility  ^nph  C  that  maximizes 
the  quality  function  E{p  =  Et=i  EjLi  qij  Pi-Pj)-  fot 


35.3.2. 


this  ^e^lson,  an  updated  neuron  must  have  a  transfor¬ 
mation  that  increases  the  quality  function.  A  neuron, 
whose  state  is  inactivated  (pi  =  0)  just  before  its  up¬ 
dating,  must  be  shifted  to  pi  =  1  only  if  its  new  state 
contributes  towards  quality  function  increetse.  Further¬ 
more,  so  as  to  obtain  an  independent  subset  of  the  in¬ 
compatibility  graph,  we  impose  that,  if  an  inactivated 
neuron  i  is  updated  to  p,  =  1,  then  all  the  activated 
neurons  j  incompatible  with  it  (such  that  c^y  =  1  and 
py  =  1)  will  be  unfired.  Indeed,  if  a  neuron  is  updated 
to  1 ,  it  infers  that  this  neuron  is  regarded  as  belonging 
to  the  final  solution.  In  order  to  obtain  an  independent 
set  for  the  solution,  all  neurons  activated  and  incom¬ 
patible  with  this  neuron  must  be  deactivated. 

Consider  that  neuron  t,  such  that  p,-  =  0,  is  updated. 

It  will  be  shifted  to  1,  and  the  activated  neurons  in¬ 
compatible  with  it  will  be  shifted  to  0,  if  these  trans¬ 
formations  induce  an  increase  of  the  quality  function  ; 

Before  the  transformations  :  pi(t)  =  0 

After  the  transformations  ; 
f  pilt  +  1)  =  1 

\  Vj  such  that  py(<)  =  1  and  c,y  =  1,  py(<  -b  1)  =  0 

Now  we  determine  the  expression  of  the  quality  func¬ 
tion  variation,  when  these  neurons  state  transforma¬ 
tions  are  performed  : 

AEi{t  +  l)  =  -2  Yl  Y 

+2  Y  13  P»W  +  1 

The  equation  evoli  tion  will  use  this  relation.  The 
evolution  equation  is  ; 

Aui(<-I-1)  =  (1  -  pi(<)).mai(0,  AE,(t -t- 1)) 
-pi(t).S(Au,t).k{p,i) 

,  Auj(t  -hi)  =  -c,y  .(1  -  p, ■(<)). 

max(0,  Af^i(/ -1- 1)) 

The  functions  used  in  the  previous  relation  are  de¬ 
fined  by  : 

•  £(Au,<)  :  pulsation  function  defined  by  : 

{1  if  t  mod  Af  =  0  and 

t  >  0  and  Vi,  AUf{t)  =  0 
0  otherwise 

•  Jb(p,  i)  :  several  possibilities  can  be  used  for  this 
inhibitory  function.  Its  purpose  is  to  inhibit  some 
activated  neurons,  in  an  attempt  to  test  another 
solution.  Two  possibilities  are  : 


-  Random  selection  of  X  activated  neurons 
(Pi(<)  =  1),  which  are  deactivated  at  time 
t  1  (k(p,  i)  =  oo  and  so  p,{t  -f- 1)  =  0) 

-  Determination  of  the  mean  degree  of  the  in¬ 
compatibility  graph  C.  Disactivation  of  all 
nodes  whose  degree  is  higher  than  this  mean 
degree.  Thus,  the  inhibitory  function  intends 
to  inhibit  all  nodes  which  display  an  “a  pnon 
bad”  degree. 

The  dynamic  system  evolution  devised  consists,  in 
the  first  term,  in  updating  neurons  whose  output  is 
equal  to  0.  An  inactivated  neuron  will  be  activated  if 
its  state  shift  increases  the  quality  function.  Since,  at 
the  same  time,  all  activated  neurons  incompatible  with 
the  updated  neuron  are  shifted  to  0,  hard  constraints 
are  imperatively  guaranteed.  The  use  of  the  first  term 
would  be  sufficient  to  provide  a  solution  satisfying  ail 
hard  constraints,  i.e.  an  independent  set.  This  network 
converges  towards  a  solution  satisfying  all  constraints 
in  a  limited  computational  time.  At  convergence,  for 
all  neurons  t,  Au,  =  0.  At  this  time,  the  network  has 
reached  a  local  “maodmum” . 

Notwithstanding,  the  problem  is  to  find  a  near  op¬ 
timal  solution,  that  we  define  as  maximizing  the  qual¬ 
ity  function  E(^.  The  network  must  have  the  ability 
to  find  several  solutions  all  satisfying  the  constraints, 
in  order  to  choose  the  one  with  highest  quality  func¬ 
tion  value.  The  network  must  be  able  to  leave  a  local 
“maximum”  and  converge  towards  a  new  solution.  The 
pulsation  function  and  the  inhibitory  function  (second 
term  of  the  evolution  equation)  will  enable  the  net¬ 
work  to  converge  to  a  new  feasible  solution.  Initially 
the  pulsation  function  6{Au,t)  is  set  equal  to  0,  un¬ 
til  each  neuron  potential  variation  Au,  becomes  null. 
Then  S(Au,  t)  is  activated  to  1  during  one  complete  up¬ 
dating  of  the  N  neurons.  During  this  pulsation  phase, 
the  network  modifies  completely  its  vector  state.  The 
second  term  of  the  equation  comes  in.  The  idea  is 
to  inhibit  some  of  the  activated  neurons.  Previously, 
we  present  two  possibilities  for  the  inhibitory  function. 
After  the  pulsation,  5(Au,t)  is  set  to  0  again.  The 
network,  conducted  by  the  first  term  of  the  evolution 
equation,  can  converge  once  again  to  another  feasible 
solution. 

The  network  can  be  viewed  as  a  network  composed  of 
Potts  model  neurons.  A  Potts  model  is  a  generalization 
of  the  two-state  Ising  model  to  an  arbitrary  number  of 
discrete  states  [Fis91].  In  our  case,  a  Potts  neuron,  i.e. 
a  vector,  corresponds  to  each  variable  pi .  This  vector 
has  a  components  number  equal  to  the  degree  of  vertex 
t  in  the  incompatibility  graph  C  plus  one.  Since  the 
running  mode  chosen  is  an  asynchronous  by  bloc  mode, 
at  each  step  of  the  iterative  process,  all  components  of 
Potts  neuron  i  are  simultaneously  updated. 
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3  A  combinatorial  optimization 
formulation  for  the  particle 
tracking  problem 

3.1  Extraction  of  potential  features 

The  basic  information  that  our  particle  tracking  al¬ 
gorithm  needs  is  a  set  of  potential  features  extracted 
from  the  original  image.  In  a  first  module,  our  anal¬ 
ysis  starts  with  a  classical  point  detection  process.  It 
involves  the  recognition  of  each  spot  constituting  a  vir¬ 
tual  particle  trajectory,  by  applying  computation  of  lo¬ 
cal  histograms,  determination  of  thresholds  thanks  to 
histograms,  thresholding  of  the  original  image,  connex- 
ity  analysis,  and  computation  of  the  centroid  of  each 
particle  spot. 

The  second  module  receives  as  input  a  list  of  points 
and  their  respective  attributes  (here,  the  grey  level). 
Its  purpose  is  to  determine  a  list  of  potential  features. 
It  uses  a  priori  knowledge  (metric  constraints)  coming 
from  the  experimental  process.  This  knowledge  can  be 
expressed  by  :  “a  potenti2d  feature  is  constituted  of  n 
distinct  and  consecutive  spots,  laying  on  a  parameter¬ 
ized  curve  and  verifying  some  metric  relations”.  For 
instance,  in  our  fluid  mechanics  application,  features 
are  composed  of  three  spots,  aligned  in  a  fixed  length 
ratio.  The  method  uses  a  local  search  tree  for  each 
point.  This  tree  is  defined  by  the  possible  matches 
between  this  point  and  the  others.  It  can  be  pruned 
by  using  local  constraints  corresponding  to  the  a  pri¬ 
on  above-mentionned  knowledge.  By  this  way,  a  list 
of  potential  features  satisfying  the  experimental  con¬ 
ditions  is  obtained.  The  potential  trajectories  identi¬ 
fied  are  directed  ;  we  obtain  vectors.  Obviously,  local 
constraints  can  lead  to  select  completely  erroneous  fea¬ 
tures.  What  follows  seeks  to  detect  and  suppress  those 
erroneous  trajectories.  From  an  original  image  (Fig. 
1),  the  extracted  points  are  presented  on  Fig.  2.  Fig.  3 
depicts  all  potential  trajectories  created  after  the  pro¬ 
cessing  stage. 

3.2  Notion  of  consistency  and  incom¬ 
patibility  between  features 

Many  authors  have  emphasized  the  capacity  of  the  hu¬ 
man  visual  system  to  complete  some  components  of 
an  image,  in  order  to  get  features,  edges,  regions,  by 
using  local  spatial  constraints  and  satisfying  a  global 
consistency  in  the  image,  like  in  the  illusory  contours 
examples.  We  intend  to  use  this  observation  in  order 
to  detect  and  suppress  some  of  the  features,  which  are 
radically  inconsistent  with  the  flow  motion.  Further¬ 
more,  some  physical  properties  of  the  observed  phe¬ 
nomena  can  be  used  (like  fluid  viscosity). 


We  define  consistency  and  incompatibility  coeffi¬ 
cients  between  any  two  features.  The  consistency  co¬ 
efficient  is  the  higher  as  feature  pair  is  consistent  with 
the  fluid  motion  in  its  local  environment.  The  binary 
incompatibility  coefficient  will  indicate  the  strict  in¬ 
compatibility  between  features.  Our  goal  is  to  extract 
and  quantify,  in  both  coefficients,  the  features  ability 
to  induce  a  continuity  feeling  beyond  their  physical 
limits. 

3.2.1  The  consistency  coefficient 

Let  i  and  j  be  two  potential  features.  We  want  that  the 
interaction  between  these  features  satisfies  the  percep¬ 
tual  knowledge  on  the  flow.  If  the  pair  of  features  (t,  j) 
contributes  to  the  perception  of  the  global  movement, 
the  coefficient  Cij  must  be  high.  Otherwise  their  inter¬ 
action  must  be  low.  This  coefficient  is  a  consistency 
measure.  We  use  some  Gestallt  principles  so  as  to  ex¬ 
press  the  components  of  a  consistency  coefficient  (our 
underlying  goal  is  to  keep  the  interpretaion  as  simple 
as  possible  in  a  Gestallt  sense). 

Similarity  :  similar  elements  are  grouped  to¬ 

gether. 

Neighbouring  particles  have  about  the  same  speed. 
In  fluid  mechanics,  this  observation  is  the  higher  as 
the  fluid  viscosity  is  great.  The  similarity  coefficient 
^MfTMiartiy  particles  i  and  j  to  have  a  similar 

speed.  We  devise  the  following  expression  : 

V;  e  K(»),  =  1  - 

with  : 

0f  and  0j  :  orientation  of  features  i  and  j, 

V(i)  :  neighbourhood  of  feature  i, 

(  lo-61  if  la-61<f 

r{fr,a)={  ja-6-7rl  iff<a-6<7r 

[|a-6-|-7r|  if-T<a-6<-f 

The  similarity  coefficient  quantifies  the  direction 

similarity  of  two  particles.  Its  value  belongs  to  [0, 1]. 
The  coefficient  will  be  null  for  perpendicular  trajecto¬ 
ries,  equal  to  1  if  the  trajectories  are  collinear,  and  will 
linearly  vary  according  to  the  angular  difference  of  the 
particle  orientations. 

Proximity  :  elements  that  are  close  together  tend 
to  be  grouped  together. 

Only  a  neighbourhood  of  each  feature  must  be  taken 
into  account.  Otherwise,  particle  influence  over  an¬ 
other  particle  decays  with  distance.  The  proximity  co¬ 
efficient  has  to  take  into  account  the  proportionality 
between  the  influence  the  coefficient  must  have  and 
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the  distance  between  features.  The  proximity  coef¬ 
ficient  must  vanish  smoothly  as  the  two  features  are 
farther  from  each  other.  We  choose,  as  in  [Her93]  : 

d?. 

oronriutu  tt 

<■  =“"-5:^ 

where  is  the  distance  between  the  features  i  and  j, 
and  iTd  is  a  fraction  of  the  standard  deviation  of  all  the 
distances  over  the  image. 

Formulation  of  the  consistency  coefficient  : 

We  define  the  consistency  coefficient  as  a  combination 
of  the  coefficients  just  defined  : 

qij  =  Ai.c’*™'"”* 

This  sum  gives  a  weighted  measure  of  the  consiste  icy 
of  features  pair.  Parameters  Ai  and  Aj  are  related 
to  the  physical  properties  of  the  fluid.  The  more  two 
features  have  high  consistency,  the  more  salient  they 
are.  Consistency  coefficients  form  a  consistency  matrix 
Q  =  with  qij  e  [0, 1]. 

3.2.2  The  incompatibility  coefficient 

The  incompatibility  coefficient  establishes  hard  con¬ 
straints  between  potential  features.  Indeed,  incompat¬ 
ibilities  can  exist  between  some  features.  Two  strict 
conditions  induce  incompatibility  ; 

•  Sense  :  two  neighbouring  features  cannot  have 
opposite  senses. 

•  Common  point  :  two  features  cannot  share  a 
common  spot. 

Sense  ; 

The  sense  coefficient  imposes  that  particles  t  and  j 
must  have  strictly  the  same  sense.  This  coefficient  is 
calculated  by  ; 

=  D{i,j) 

Common  point  : 

Two  features  cannot  share  a  common  spot. 

-  common  potn<  _  f  1  if  >  and  j  share  a  common  point 
~  1  0  otherwise 

Formulation  of  the  incompatibility  coeffi¬ 
cient  : 

We  define  the  incompatibiliy  coefficient  as  the  max¬ 
imum  of  the  sense  coefficient  and  the  common  point 


coefficient.  Thus,  the  incompatibility  coefficient  will 
belong  to  {0, 1}  and  will  be  equal  to  0  only  if  both 
hard  constraints  are  satisfied  : 

c,j  =  max 

Incompatibility  coefficients  form  an  incompatibility 
matrix  C  =  with  c,;  6  {0, 1). 

3.3  A  combinatorial  optimization 
statement 

A  consistency  matrix  and  an  incompatibility  matrix 
have  been  generated.  At  this  stage,  we  intend  to  se¬ 
lect  the  most  consistent  features,  satisfying  hard  con¬ 
straints.  The  solution  of  the  particle  tracking  prob¬ 
lem  is  consequently  a  subset  of  the  potential  trajec¬ 
tories,  in  which  all  “erroneous  trajectories”  have  been 
detected  and  suppressed.  Those  “erroneous  trajecto¬ 
ries”  are  features  which  display  a  low  consistency  with 
their  local  environment  or  which  do  not  satisfy  the  con¬ 
straints  inherent  in  the  problem.  For  this  reason,  the 
problem  can  be  expressed  as  finding  a  subset  of  poten¬ 
tial  features  maximizing  a  quality  function  represent¬ 
ing  the  global  consistency  of  the  image,  and  satisfying 
all  hard  constraints.  If  p  =  (pi , . . . ,  p^r )  is  a  vector  in 
which  p,  =  1  if  the  trajectory  i  is  a  good  one,  repre¬ 
senting  a  real  particle,  or  p,  =  0  if  it  is  an  erroneous 
one,  the  problem  can  be  expressed  by  (1).  This  global 
constraints  satisfaction  problem  is  solved  by  our  pre¬ 
viously  described  pulsed  neural  network. 

4  Experimental  results 

The  algorithm  described  in  the  previous  section  has 
been  applied  to  many  series  of  fluid  mechanics  images. 
The  experimentation  that  has  provided  these  images 
was  carried  in  a  wave  tank.  A  uniform  intensity  in¬ 
coherent  white  light  source  was  used.  A  mechanical 
chopper  has  enabled  to  pulse  the  continuous  light  to 
obtain  stroboscopic  illumination.  The  fluid  has  previ¬ 
ously  been  sowed  with  tracer  particles,  which  scatter 
light  into  a  numericatl  photographic  system.  A  trajec¬ 
tory  is  made  up  of  three  consecutive  and  aligned  spots. 
The  directional  ambiguity  is  overcome  by  using  parti¬ 
cles  tagging  pulse  :  the  duration  between  the  two  first 
pulses  is  twice  the  duration  between  the  two  following 
pulses. 

Figs.  1,  2  and  3  show  successive  processing  results. 
Fig.  4  presents  the  final  result,  obtained  after  neural 
network  processing.  Experiments  were  performed  on  a 
standard  SUN  SPARC  10  workstation.  As  inhibitory 
term,  we  have  chosen  to  randomly  pulse  15  neurons. 
The  results  are  calculated  with  30  pulsation  phases. 
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The  algorithm  we  propose  is  quite  rapid  :  the  pro¬ 
cessing  has  needed  about  3  minutes  on  a  SUN  SPARC 
10  workstation.  Besides,  it  is  far  quicker  than  all  classi¬ 
cal  velocimetry  methods.  The  result  proposed  in  Figs. 

4  testifies  to  the  great  visual  quality  of  the  algorithm. 
Regardless  of  the  image  tested,  the  algorithm  recog¬ 
nizes  most  of  the  particles  seeded  in  the  fluid.  A  statis¬ 
tical  description  of  the  recognized  particles  has  showed 
that,  among  all  particles  recognized,  about  97%  were 
right  particles.  The  quality  of  the  results  provided  by 
our  algorithm  is  undoubted.  However,  we  must  ob¬ 
serve  that  some  particles  have  not  been  recognized, 
more  particularly  in  vortex  center.  The  main  reason 
is  that  particles  speed  is  so  slow  in  vortex  center  that 
corresponding  positions  spots  are  superimposed  and 
cannot  be  identified  as  individual  spots. 

It  is  very  difficult  to  quantify  the  performance  of  a 
particle  tracking  algorithm  on  real  images.  The  ex¬ 
periment  presented  here  is  therefore  qualitative.  A 
quantitative  comparison  has  to  be  done  with  numerical 
simulations  provided  by  finite-elements  based  methods. 
Such  cc  larisons  are  currently  being  done.  Thanks  to 
them  it  will  be  possible  to  quantify  the  performance 
and  limitations  of  our  algorithm. 

5  Conclusion 

In  this  paper,  wc  have  proposed  a  new  paradigm  for 
the  feature  grouping  problem,  with  special  emphasis 
on  the  problem  of  particle  tracking. 

First  and  foremost,  we  suggested  a  mathematical  en¬ 
coding  of  the  problem,  which  takes  into  account  metric 
constraints  specific  to  the  problem,  perceptual  proper¬ 
ties  of  the  image  and  physics  properties  of  the  studied 
phenomena.  Second,  we  proposed  a  new  statement  of 
the  particle  tracking  problem  as  a  global  constraints 
satisfaction  problem.  This  new  formulation  has  the 
advantage  to  take  into  account  : 

•  available  informations  on  the  physical  nature  of 
the  experiment  and  of  the  studied  phenomena, 

•  perceptual  informations  on  the  original  numerical 
image. 

Cndly,  in  order  to  solve  this  combinatorial  optimiza¬ 
tion  problem,  we  devised  an  original  neural  network, 
named  pulsed  neural  network.  The  advantages  of  this 
new  neural  network  are  ; 

•  The  pulsed  neural  network  needs  no  coefficient. 
Accordingly  it  has  a  completely  black-box  be¬ 
haviour  for  the  user. 

•  When  the  network  has  converged,  the  solution 
found  is  guaranteed  to  be  a  feasible  solution,  sat¬ 
isfying  constraints. 


•  The  network  regularly  puts  forward  a  feasible  so¬ 
lution.  It  is  possible  to  impose  a  computational 
time  limit. 

•  The  iterations  number  necessary  to  converge  is 
much  smaller  than  most  of  other  methods. 

It  is  clear  from  the  real  experimental  results  pro¬ 
posed  that  our  algorithm  provides  very  good  solution. 
Nevertheless  realistic  simulations  must  be  investigated 
in  order  to  quantify  the  performances  and  limitations 
of  our  algorithm.  In  the  future,  we  plan  to  continue 
to  try  to  improve  our  method  so  as  to  be  able  to 
treat  any  type  of  fluid  flows  (laminar,  vortex).  We 
also  plan  to  devise  and  implement  a  regularization 
procedure,  based  on  computer  vision  and  phenomena 
physics  properties,  in  order  to  obtain  velocity  and  vor- 
ticity  maps  of  the  flow.  Finally  we  intend  to  extend 
the  approach  advocated  in  this  paper  to  other  vision 
problems. 
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Figure  2:  Set  of  points  extracted.  11844  spots  have 
been  extracted  from  the  original  image. 


Figure  3;  Potential  trajectories  extracted  after  pre¬ 
processing.  3808  potential  features  have  been  created. 
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Figure  4;  Final  result.  1341  trajectories  have  been 
recognized. 
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SUMMARY. 

The  development  and  use  of  a  multi  layer,  neural  network  in 
the  analysis  of  low  image  density  PIV  images  using  the  particle 
tracking  methodology  is  described.  The  images  carry  a  time 
signature,  or  'tag',  in  order  that  the  flow  direction  may  be 
determined  unambiguously  by  the  net. 

The  application  of  the  net  is  demonstrated  through  the 
analysis  of  flow  images  obtained  from  both  simulations  and 
experimental  data.  The  tint  category  of  data  allowed  an 
assessment  of  the  performance  of  the  net  to  be  made. 


1.  INTRODUCTION. 

An  important  branch  of  computer  science  which  has  seen  rapid 
development  in  the  last  two  decades  is  the  neural  network  method. 
The  inherent  parallelism  of  the  method  has  meant  that  it  has  acted 
as  the  inspiration  for  hardware  an  software  developments  revo¬ 
lutionising  complex  task  analysis.  An  area  where  it  has  found 
particular  success  is  in  pattern  recognition  and  motion  tracking. 
This  makes  it  a  particularly  attractive  technique  for  (he  analysis 
of  PIV  images  obtained  in  the  particle  tracking  mode. 

Previously  published  work  by  the  authors  (Grant  and  Pan 
(1993).  (1994))and  others  (Cenedese  (1992))  has  demonstrated 
(hat  the  neural  method  offers  signiflcantly  improved  perform¬ 
ance  in  matohing  multiple  image  of  flow  following  particles  over 
earlier  methods  based  on  statistical  windowing  procedures  . 

The  present  paper  describes  an  improved,  four  layer  neural 
net.  The  net  could  analyse  'tagged'  images  where  the  direction  of 
the  flow  was  determined  a  pulse  coding  strategy  (Grant  and  Liu 
(1990)).  The  first  layer  acted  as  an  input  buffer,  (be  second  layer 
acted  as  an  code  interpreter  to  detennine  direction.  The  third 
layer  acted  as  a  filter,  or  selection  module,  where  an  assessment 
of  (he  accumulating  memory  of  the  flow  was  used  to  provide 
broad  band  filtering.  The  fourth  layer  acted  as  narrow  band  filter 
constructed  from  a  knowledge  of  the  local  flow  conditions  or 
those  in  the  immediate  vicinity. 

The  four  layer  net  was  applied  to  two  types  of  data  image. 
The  first  were  synthetic,  produced  by  a  Monte  Carlo  simulation 
of  various  flow  types.  Unidirectional  flows  with  various  levels 
of  turbulence  were  considered.  Flows  with  variable  mean  flow 
direction  were  also  examined.  The  image  density  was  treated  as 


an  independent  variable  to  establish  its  effect  on  the  reliability  of 
the  method.  The  success  ration,  sr.  of  this  neural  net  was  com¬ 
pared  with  that  of  the  iliree  layer  net  which  lacked  the  directional 
discriminating  layer. 

The  neural  method  is  also  applied  to  experimental  data  ob¬ 
tained  in  bydraulic  studies  involving  vortex  shedding  and  cavity 
flows.  In  each  case  estimates  of  the  performance  of  the  neural 
network  were  made  and  compared  with  that  of  an  earlier  net 
model. 

2.  THE  NEURAL  NETWORK  MODEL. 

In  summary,  the  mathematical  view  of  the  brain  considers  it 
to  be  composed  of  processing  elements,  or  neurons.  Each  neu¬ 
ron  receives  input  signals  from  other  neurons  to  which  it  is  linked. 
The  Iranmission  efficiency  of  the  interconnecting  link  is  treated 
as  a  multiplicative  weight  The  decision  as  to  whether  the  neu¬ 
ron  will  generate  an  output  signal  is  determined  by  an  output 
operator  or  switch  function.  The  switch  function  may  be  one  of 
various  types,  such  as  binary,  sigmoid  or  threshold  linear.  In  this 
paper  a  binary  output  operator  was  used. 

The  multi-layer,  neural  net  model  used  here  acts  as  a  comp^- 
tive,  adaptive  Alter  which  performs  well  in  feature  recognition 
tasks  typical  of  PTV  or  PIDV.  The  model  has  developed  from 
previous  work  by  the  authors  in  statistical  windowing  methods 
(Grant  and  Liu  (1989).  (1990)).  parallel  processing  (Grant  et  al 
(1987))  and  two  and  three  layer  neural  networks  (Grant  and  Pan 
(1993).  (1994)).  The  present  paper  further  develops  the  neural 
methodology  by  evolving  a  four  layer  adaptive  net  which  can 
distinguish  direction  in  flow  images  having  a  time  signature. 


3.  THE  COMPETTnVE.  ADAPTIVE,  NEURAL  NETWORK 
FOR  PTV  IMAGE  ANALYSIS. 

3.1  Pre-Processing. 

In  common  with  procedures  in  general  use  (he  experimental 
images  were  pre-processed  prior  to  image  recognition  and  match¬ 
ing.  The  methods  used  were  edge  detection  and  image  centroid 
centering.  The  edge  detection  algorithm  was  based  on  a  Lapladan 
operator. 

3.2  The  Neural  Network. 
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which  generated  a  random  distribution  of  virtual  seed  particle 
images  into  the  synthetic  flow.  The  seeds  were  then  displaced, 
by  the  appropriate  amount  as  calculated  from  the  prescribed  lo¬ 
cal  flow  conditions,  to  their  new  positions.  Oifferent  sizes  were 
assigned  to  the  flrst  and  second  images.  The  synthetic  inuges  all 
had  10%  shot  noise  (unpaired  panicle  images)  added  to  them 
prior  to  processing. 

The  global  images  were  then  processed  using  the  four  layer 
net.  In  every  case  100  images  were  generated  to  represent  each 
flow  condition  and  the  processing  ensemble  averaged  the  appro¬ 
priate  parameters.  A  success  ratio  (sr)  was  calculated  in  each 
case  by  measuring  the  number  of  successful  pairings  as  estab¬ 
lished  by  the  software  and  the  actual  number  of  image  pairs  in¬ 
serted  on  the  synthetic  image.  The  variation  of  the  sr  was  com¬ 
pared  in  each  case  with  the  sr  of  the  three  layer  neural  net  de¬ 
scribed  in  Grant  and  Pan  ( 1994). 

The  image  density  was  treated  as  an  independent  variable  and 
the  success  ratio  dependence  on  this  parameter  nleasured.  The 
image  density  parameter  was  defined,  following  Adrian  and  Yao 
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(1984),  as  l™  where  C  is  the  mean  number  of  particles 
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per  unit  volume  and  dmax  maximum  possible  dis(dace- 
ment  of  the  particle. 


4.1  Flow  with  Superimposed  Turbulence. 


face  is  plotted  in  Figure  4d.  The  larger  angular  gradients  make 
the  increased  efficiency  of  the  four  layer  network  evident  at  ail 
seeding  densities. 

4.2  The  Interconnecting  Weight  Surfaces. 

In  each  case  the  appropriate  final  interconnecting  weights  can 
be  visualised  as  surfaces.  The  surfaces  representing  the  weights 
between  the  second  and  third  layers  are  plotted  (Figures  2e,  3e 
and  4e)  while  typical  (local)  interconnecting  surfaces  between 
the  third  and  fourth  layers  are  also  shown  (Figures  2f,  3f  and  4f). 

The  surfaces  connecting  the  lower  planes  have  shapes  which 
are  characteristics  of  the  global  flow.  The  surface  2e  has  a  flat 
topped  plateau  shape.  The  size  and  curvature  of  the  plateau  is 
characteristic  of  the  level  of  the  flow  turbulence.  Surface  3e  has 
a  meniscus  shape  whose  angular  extent  is  detennined  by  the  range 
of  angles  in  the  input  sets  and  whose  upper  area  is,  as  in  Figure 
2e,  determined  by  the  turbulence  present  in  the  flow.  4e  has  a 
large  upper  plane  of  a  multifaceted,  disk  like  nature.  This  has 
been  produced  by  a  range  of  input  sets.  The  large  uniform  sur¬ 
faces  indicates  that  this  lower  filter  will  not  be  an  effective  filter 
unless  aided  by  a  more  discriminatory  upper  weight  surface. 

The  interconnecting  weights  surfaces  representing  the  con¬ 
nections  between  the  third  and  fourth  layers  (Figures  2f,  3f  and 
4f)  are  seen  to  have  higher  surface  gradients  indicating  a  more 
discriminatory  filtering  style. 


The  conditioiis  of  virtual  flow  speed  and  (apparent)  image  cap¬ 
ture  magnification  were  adjusted  to  give  a  mean  displacement 
between  image  centres  of  10  pixels.  The  turbulence  intensity 
components  in  the  two  orthogonal,  in  plane,  directions  were  ob¬ 
tained  from  a  uniform  random  distribution  and  added  to  the  mean 
displacement  vector. 

Figure  2a  shows  typical  flow  simulation  images  generated  for 
this  case.  The  sr  as  a  function  of  the  turbulence  intensity  is  seen 
in  2b  while  2c  shows  the  sr  plotted  against  image  density.  A 
range  of  image  types  were  examined  covering  low  to  high  image 
density  and  a  range  of  turbulence  levels.  The  resulting  sr  values 
were  also  plotted  as  a  surface  and  ate  shown  in  the  isometric 
view  Figure  2d. 

The  sr  obtained  from  the  three  layer  net  described  in  Grant 
and  Pan  (1994)  is  also  plotted  in  Figures  2b  and  2c.  The  new 
four  layer  net  is  seen  to  perform  more  efficiently.  This  is  be¬ 
cause,  as  noted  above,  the  additional  constraint  of  size  variation 
in  image  pair  selection  reduces  the  chances  of  erroneous  pairing. 

Figure  3a  shows  examples  of  the  digital  images  generated  in  a 
flow  with  a  systematic  direction  change.  The  sr  as  a  function  of 
the  angular  range  is  shown  in  3b  while  the  variation  with  image 
density  is  seen  in  Figure  3c.  In  this  latter  case  the  mean  flow  has 
a  40%  angular  change  in  direction  over  the  global  image.  10% 
noise  and  10%  turbulence  have  been  introduced  to  the  images  in 
this  case.  Rgure  3d  shows  an  isometric  projection  of  the  sr  sur¬ 
face  as  a  function  of  the  angular  change  and  the  image  density. 
In  this  instance  the  new  network  performs  significantly  more  ef¬ 
ficiently  than  the  three  layer  model,  particularly  at  high  image 
density  and  angular  range. 

Hgure  4a  shows  the  flow  image  produces  when  the  direction 
is  able  to  rotate  though  360°  in  the  course  of  the  global  image. 
The  success  ratio  is  then  plotted  as  a  function  of  elliptical  ratio 
and  image  density  in  Figures  4b  and  4c  respectively.  The  sr  sur¬ 


4.4  Experimental  Flows. 

The  validation  procedures  using  simulated  flows  have  shown 
the  neural  net  method  to  be  particularly  effective  in  analysing 
coded  PTV  images  obtained  in  flows  with  systematic  direction 
change.  This  corresponds  to  the  conditions  encountered  in  many 
experimental  studies.  TWo  examples  are  presented  here  which 
provide  quite  different  images  both  containing  global  systematic 
changes  in  direction. 

The  first  example  is  the  flow  behind  a  circular  cylinder  in  a 
cross  flow.  This  well  known  vortex  wake  has  been  the  subject  of 
many  studies  by  the  author  and  others.  The  beauty  of  the  im¬ 
agery  obtained  in  wake  visualisation  is  matched  by  the  complex¬ 
ity  of  the  flow  and  has  proved  an  attractive  area  of  research  since 
the  last  century.  In  the  present  case  the  images  were  obtained  in 
a  hydraulic  flow  seeded  with  crystalline  seeding  particles  The 
result  of  applying  the  net  filter  to  this  image  is  seen  in  Figure  S. 

The  flow  can  be  seen  to  be  similar  to  the  digitally  simulated 
turbulent  flow  with  systematic  change  in  direction.  In  the  present 
case  the  image  density  was  found  to  be  l.OI.  612  pairs  were 
correctly  matched  and  2S  erroneously  matched.  The  success 
ration  was  thus  95.9%.  The  errors  principally  occurred  at  the 
image  identification  stage  where  binarisation  drop  out  occurred 
on  weaker  images.  Previous  statistical  analysis  procedures  used 
on  this  type  of  image  bad  shown  erroneous  pairing  and  dropout 
at  significantly  higher  levels. 

The  second  example  considered  was  obtained  in  a  study  of 
cavity  flows.  This  type  of  flow  is  important  in  civil  engineering 
applications,  where  moisture  ingress  in  the  gaps  between  facade 
elements  is  a  serious  problem  in  long  term  integrity.  There  ate 
also  numerous  offshore  applications  where  the  geometry  is  im¬ 
portant.  One  particular  area  of  work  by  the  author  has  been  diver 
comfort  and  safety  in  work  habitats  of  this  type  of  geometry. 
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The  first  layer  i»  (fac  input  liycr  where  •  segment  of  the  total 
image  entered  the  network.  Each  segment  had  a  valid  particle 
image  as  its  origin.  The  dimensioos  of  the  segment  were  2d^ 
where  d^  was  the  maximum  displacement  between  partner  im¬ 
ages  expected.  The  images  were  processed  so  that  spatially  adja¬ 
cent  images  were  consecutively  processed.  This  was  an  impor¬ 
tant  consideration  since  it  allowed  the  memory  of  the  flow  condi¬ 
tions  to  he  updated  in  a  systematic  and  meaningful  fashion. 

The  images  were  'tagged'  using  the  principal  image  coding 
method  where  the  intage  size  was  varied  by  altering  the  bright¬ 
ness  of  the  laser  flash  in  a  temporal  fashion.  Alternatively,  if  an 
electronically  shuttered  camera  is  used  with  continuous  illumina¬ 
tion,  the  duration  of  the  shutter  open-time  may  be  used  in  the 
coding  (Gram  and  Wang  (1994)).  Tbt  is,  the  largest  image  comes 
lint  in  any  image  group. 

Each  neuron  in  the  second  layer,  whose  purpose  was  to  deter¬ 
mine  direction  ,  bad  two  inputs,  X,  and  X,.  where  X,  was  the  in¬ 
put  from  the  origin  (neuron)  of  the  current  input  layer  sub-image, 
and  X.  was  the  input  from  the  equivalent  neuron  on  the  input  layer. 
The  interconnecting  vreights  between  the  input  layer  and  this  first 
layer  are  set  to  1  or  -1  depending  on  the  time  signature  conven¬ 
tion  adopted.  Since  the  flow  in  the  present  case  was  from  the 
largest  image  to  the  smallest  image,  the  weights  were  set  to  = 
1  andW  =-l. 

I 

The  inputs.  X,  and  X,,  were  set  equal  to  the  image  areas.  The 
output  of  the  second,  or  directional  layer,  was  determined  by  a 
switch  function  which  compared  the  inputs  from  the  origin  parti¬ 
cle  image.  The  switch  function  was  defined  at  the  origin  by 

Consequently,  all  candidale  images  whose  particle  size  was  smaller 
than  the  origin  were  accepted.  These  ensured  that  the  flnal  out¬ 
put  from  the  netwoik  not  only  gave  a  matching  pair,  but  also  elimi¬ 
nated  inconsistent  directional  grouping  or  ambiguity. 

The  network,  through  the  method  of  operation  of  its  constitu¬ 
ent  layers,  implicitly  made  allowanoe  for  local  variations  in  in¬ 
tensity  or  size  which  may  occur  in  a  real  experiment  as  a  result 
variations  in  fluid  characteristics,  seeding  particle  characteristic 
or  laser  beam  proftle. 

The  third  layer  was  the  same  size  as  the  second  layer.  On 
initialisation  the  interconnecting  weights  between  the  second  and 
third  layers.  [W  J  were  set  to  low  values.  The  network  was 
then  subjected  to  supervised  learning  where  a  training  set  was 
presented  to  the  input  layer  and  the  corresponding  output  com¬ 
pared  with  the  training  set.  The  differences  were  used  to  adjust 
the  interconnecting  weights  during  training. 

When  processing,  the  pattern  to  be  analysed  was  passed  to  the 
neurons  on  the  third  layer  after  scalar  multiplication  with  the 
appropriate  interconnecting  weights.  The  neuron,  on  this  com¬ 
petitive  layer,  with  the  maximum  output  level  was  identified  as 
the  'key'  neuron. 

Updating  of  weights  occurred  if  a  successful  outcome  was  gen¬ 
erated  on  the  fourth  level  of  the  net  (see  below).  In  this  case  the 
'key'  neuron  (on  the  third  layer)  bad  its  weight  adjusted  to  unity, 
while  the  surrounding  weights  were  adjusted  according  to  their 
distance,  d_-  ftom  the  active  neuron.  The  weights  were  adjusted 
according  to  the  rules 


(i) 


At  initialisation  the  discrimination  switch  functions,  f,  and  f,. 
which  regulate  the  outputs  of  the  third  and  fourth  layers  respec¬ 
tively,  were  given  threshold  values  between  0  and  1  and  thence¬ 
forth  acted  as  ditcriminators.  When  the  signal  presetted  at  the 
output  of  either  layer  was  less  than  the  threshold  no  output  took 
place.  When  the  signal  was  greater  than  the  threshold,  unit  out¬ 
put  took  place.  High  threshold  levels  between  the  second  and 
third  layer  lead  a  mote  d’ '  -imination  but  restricled  the  leming 
of  new  pattems. 

The  particle  c  ig  proceeded  according  to 
S„  =  /)  (M'mi  *  Rmm  I'vbcic  the  R  and  S  matrices  were  the  input 
and  output  of  the  third  layer  respectively  and 
=  f2  (tnaxff/^  •  ))wbere  T  was  the  output  ol  me  fourth 
(competitive)  layer.  The  competition  selected  only  the  maximum 
component  of  the  U  S  matrix  for  ouqwt  and  ouly  if  it  exceeded 
the  preset  threshold. 

If  [T]  -  (9 )  no  matching  ha>.  occurred  and  the  next  image 
entered  the  input  layer.  If  a  non-zero  component  of  the  T  rrutrix 
was  obtained  then  the  neural  net  adjusted  its  weights  between  the 
second  layer  and  the  third  layer  according  to  (1). 

The  interconnecting  weights  between  the  third  and  fourth  layer 
were  adjusted  according  to 


d, 

t/^(n«w)  =  (1  -  o)x  U^(oW)+ o  x-: 


t/— (new) 
max((/^(new)) 


(2) 


Self  learning  then  took  place  as  the  image  analysis  proceeded. 
The  weights ,  U.  represented  the  local  flow  distribution  with  the 
highest  value  corresponding  to  the  local  flow  vector,  a  was  a 
memory  efficiency  pwameter  which  determined  the  tale  at  which 
the  short  term  memory  degraded  and  the  stability  and  the  rale  at 
which  the  network  learned.  The  net  could  tolerate  a  values  be¬ 
tween  O.OS  and  0.9S  and  was  chosen,  empirically,  as  0.3  in  the 
present  case.  The  broad  filler  shape  which  evolved  between  the 
second  and  third  layers  provided  stability  for  the  network,  while 
that  between  the  third  and  top  layers  provided  a  more  discrimi¬ 
nating  filter. 


4.  APPUCATTON  OF  THE  FOUR  LAITER  NETWORK. 

The  neural  network  was  applied  to  taro  categories  of  PTV  im¬ 
age.  The  first  type  was  produced  by  numerical  simulation,  the 
second  by  hydrodynamic  studies  of  vortex  shedding  and  cavity 
flows. 

Three  flow  types  were  investigated  by  numerical  simulation, 
a  uniform  flow  with  tuperimposed  two-dimensional  turbulence, 
a  flow  with  systenMtic  direction  change  with  superimposed  tur¬ 
bulence  and  an  ellipsoidal  rotational  flow  where  the  mean  direc¬ 
tion  varied  through  360^.  The  ratio  of  the  major  and  minor  axis 
was  an  independent  variable  in  this  latter  case. 

The  numerical  simulation  consisted  of  Monte  Carlo  approach 
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The  experitnents  were  conducted  in  a  7  m.  re-circulating  hy¬ 
draulic  name.  An  18  watt.  CW,  Argon  Ion  laser  bad  its  beam 
mechanically  interrupted  by  a  spinning  disk  configured  to  give 
tagged  images.  The  light  was  introduced  into  the  transparent 
base  of  the  tank  and  shaped  into  a  sheet  (for  further  experimental 
details  see  Aroussi  and  Grant  (1992)  and  Aroussi  et  al  (1992). 

The  result  of  applying  the  net  filter  to  this  type  of  image  is 
seen  in  Figure  6.  The  flow  can  be  seen  to  be  similar  to  the  digit¬ 
ally  simulated  elliptically  rotational  flow.  In  the  present  case  the 
image  density  was  found  to  be  0.89.  283  pairs  were  correctly 
matched  with  28  being  erroneous  matched.  The  success  ration 
was  thus  90%.  As  in  the  vortex  shedding  case  the  errors  princi¬ 
pally  occurred  at  the  image  identification  stage  where  binarisation 
drop  out  occurred  on  weaker  images.  Statistical  analysis  pnx:e- 
dures  used  on  this  type  of  image  bad  shown  significantly  higher 
levels  of  erroneous  pairings  with  the  technique  failing  to  cope 
with  the  systematic  direction  changes.  The  ability  of  the  present 
method  to  adapt  to  systematic  changes  in  direction  proved  im¬ 
portant  in  this  case. 

5.  DISCUSSION  AND  CONCLUSIONS. 

The  study  has  considered  a  four  layer  neural  network  as  a 
means  of  processing  time-signature  coded  particle  tracking  im¬ 
ages  obtained  in  low  image  density  PIV  studies.  Digital  flow 
simulations  have  been  used  as  a  means  of  calibrating  the  net  with 
turbulent  and  rotational  flows  being  considered.  High  success 
ratios  have  been  found  in  all  cases  even  where  systematic  changes 
in  flow  direction  were  present  and  significant  improvements  in 
overall  image  grouping  success  rates  obtained  compared  with 
uncoded  images  in  similar  conditions. 

The  operation  of  the  net  on  experimental  data  has  been  dem¬ 
onstrated  using  PrV  images  obtained  hydrodynamic  studies  of 
vortex  shedding  from  a  circular  cylinder  and  a  recirculating  cav¬ 
ity  flow.  The  success  ratios  obtained  in  these  cases  were  shown 
to  be  consistent  with  those  obtained  in  the  calibration  studies.  In 
all  cases  the  sr  was  found  to  be  improved  on  that  obtained  with  a 
three  layer  net. 
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Figure  1 .  The  Four  Layer  Neural  Network. 
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Figure  2a.  A  Typical  Digital  Simulation  of  the  Turbulent 
Flow 


Figure  2b.  The  Success  Ratio  (SR)  as  a  Function  of 
Turbulence  Intensity 


Figure  2e.  The  Final  Interconnecting  Weight  Surface 
Between  the  Second  Layer  and  the  Third  Layer 


Figure  2f.  A  Typical  Interconnecting  Weight  Surface 
Between  the  Third  Layer  and  the  Fourth  Layer 
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Figure  4a.  An  Example  of  a  Digital  Simulatitm  of  a 
Rotating  Flow 


Figure  4b.  The  Success  Ratio  (SR)  as  a  Function  of  the 
Elliptical  Ratio 
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Figure  4c.  The  Success  Ratio  (SR)  as  a  Function  of  Image 


Figure  4d.  Isometric  View  of  the  SR  Surface 


Figure  4e.  The  Final  Interconnecting  Weight  Surface 
Between  the  Second  Layer  and  the  Third  Layer  for  the 
Rotating  FLow  Case 


Figure  4f.  A  Typical  Interconnecting  Weight  Surface 
Between  the  Third  Layer  and  Tt^  Layer  for  the  Rotating 
Flow  Case 
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Figure  S.  The  Matched  Tagged  Image  Pairs  Obtained  from 
the  \fortex  Shedding  Image  using  the  Neural  Net  Method 
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Figure  6.  The  Matched  Tagged  Image  Pairs  Obtained  from 
the  Cavity  Flow  Image  using  the  Neural  Net  Method 
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ABSTRACT 

The  development  of  high-performance  inuge  shifting 
systems  has  led  to  an  increased  potential  for  applying  particle 
image  velocimetry  (FIV)  to  the  widest  variety  of  flows.  More 
and  more  frequently,  the  instantaneous  velo^  vector  fields 
measured  with  PIV  are  compared  with  the  results  of  numerical 
calculations.  However,  it  is  very  important  for  a  meaningful 
comparison  to  have  as  much  information  as  possible  about  the 
errors,  which  are  inevitably  involved  in  every  experimental 
investigation.  Several  papers  have  been  presented  in  the  last 
years  illuminating  the  different  aq>ects  of  the  accuracy  of  the 
nv  technique  as  a  whole  or  for  the  evalution  system  only.  In 
the  following  article  the  main  error  sources  which  depend  on 
the  recording  parameters,  especially  if  utilizing  image  shifting, 
will  be  discussed.  A  numba  of  experimental  and  theoretical 
simulations  were  made  to  show  the  main  influence  of  the 
parameters  qualitatively  and  quantitatively. 


INTRODUCTION 

Due  to  recent  advantages  on  the  FIV  recording  side, 
especially  due  to  the  development  of  different  image  shifting 
devices  for  low  and  also  for  high  speed  flows  the  nv  technique 
becomes  more  and  more  suitable  for  a  wide  range  of 
applications.  This  is  also  true  for  complicated  flows  which  have 
to  be  investigated  in  the  frame  of  industrial  research  in  wind 
tunnels.  This  results  from  the  fact  that  the  image  shifting 
technique,  originally  developed  to  resolve  the  directional 
ambiguity  (Adrian  1986).  moreover  provides  the  opportunity  to 
influence  other  parameters  important  to  the  FIV  teclmique  and. 
thus,  to  adapt  the  method  to  a  wide  range  of  different  flows.  For 
instance,  a  parallel  adaptation  of  pulse  separation  aixi  image 
shift  is  necessary  to  obtain  high  quality  data  of  velocity  vector 
fields  even  in  highly  three  dimensional  flows  (e.g.  above 
rotorblades).  in  flows  with  strong  velocity  gradients  (with 
shocks  embedded  in  the  flow  field)  and  in  flows  with  small 
scale  turbulence  structures  (with  a  d^ree  of  turtxilence  of  about 
0.5%). 

This  situation  requires  a  discussion  of  different  adjects  of 
the  accuracy  of  the  te^ique.  It  will  be  attempted  to  answer  the 
following  questions: 

1.  How  does  the  choice  of  pulse  separation  and  image  shift 

influence  the  evaluation  noise? 


2.  It  is  known  that  a  larger  out-of-plane  velocity  oomponem 
can  be  tolerated  while  simultaneously  maintaining  the 
same  signal-to-noise  ratio,  if  an  additional  velocity  bias  is 
applied.  How  does  this  influence  the  accuracy  of  the 
velocity  measurement  qualitatively  and  quantitatively? 

3.  How  does  the  application  of  a  rotating  mirror  for  image 
shifting  influence  the  velocity  vector  map? 


THE  CHOICE  OF  IMAGE  SHIFT  AND  PULSE 
SEPARATION 

The  following  considerations  arise  from  an  evaluation 
method  that  is  based  on  the  autocorrelatioo  technique. 
According  to  Keane  ft  Adrian  (1990).  this  evaluation  technique 
requires  an  optimum  displacement  of  the  particle  images  X^pt 
and  an  optimum  dynamics  of  the  particle  image 

displacement  to  be  evaluated.  For  purpose  of  simplicity,  the 
flow  velocities  and  the  resulting  lengths  are  presented  as  scalars 
below. 

The  following  criteria  apply  for  the  selection  of  the  shift 
velocity  U^)^  and  the  pulse  separation  T: 

In  order  to  discriminate  reverse  flow  regions,  it  is  required 
that  the  smallest  particle  image  displacement  is  greater  thw  the 
smallest  displacOTent  which  is  still  evaluable.  Even  if  zero 
flow  velocities  are  present,  image  shifting  has  to  be  applied  in 
order  to  avoid  overhg)  of  the  particle  images. 

Where  M  is  the  image-object  magnification. 

Inirthermore.  image  shifting  can  be  used  for  adapting  the 
given  dynamics  of  the  flow  velocity  in  the  observation  field  to 
the  limited  dymunics  as  determine  by  the  evaluation  method 
by  adapting  the  pulse  separation  T  at  the  recording: 

Tm _ -2C1 _  . 

and  the  shift  velocity  U^fy^  at  the  recording: 
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where 


U. 


The  selection  of  the  shift  velocity  influences  the  dynamics 
of  the  recording  of  the  entire  observation  field  as  well  as  the 
variance  of  the  velocity  contained  within  each  individual 
interrogation  spot.  A  reduction  in  the  fluctuation  makes  it 
possible  to  favourably  influence  peak  detection  in  the 
autocoirelation  plane  (Keane  &  Adrian  1990).  even  if  shocks 
are  embedded  in  the  flow  field  (Raffel  1993). 


The  out-of-plane  component  is  also  subject  to  tight 
constraints  depending  on  the  magnification.i  light  sheet 
thickness  and  the  depth  of  focus.  The  most  important  advantage 
of  an  image  shifting  system  is  the  possibility  to  limit  the 
relative  extent  of  the  out-of-plane  component  to.  e.g.  less  than 
30%  of  the  component  within  the  plane,  if  using  an  additional 
in-plane  component.  Since  the  following  applies. 


(.U^+U.^)  M  T=X^. 


the  required  pulse  separation  T  is  reduced  if  proceeding  in  this 
way.  This  means  that  less  particles  leave  the  light  sheet  plane 
between  the  two  exposures.  In  combination  with  a  reduction  in 
velocity  fluctuation  within  the  interrogation  spots,  this  leads  to 
an  improved  signal-to-noise  ratio  at  the  evalua^n. 


As  has  been  explained,  an  additional,  virtual  flow 
component  (image  shift)  has  still  to  be  superimposed  on  the 
flow  velocity  for  a  number  of  different  reasons,  although  this 
effects  the  attainable  accuracy  of  the  velocity  measurement 
This  is  due  to  the  fact  that  the  choice  of  shift  velocity 
also  effects  the  choice  of  pulse  separation  T.  The  pulse 
separation  itself  influences  the  eff^t  of  the  error  of  the 
evaluation  method  on  the  velocity  measurement.  According  to 
Adrian  (1991).  this  error  is  independent  of  the  mean 

particle  image  distance  X  within  an  interrogation 
Calculating  the  error  contained  in  the  velocity  measurement  due 
to  the  evaluation  noise  AX^y^  yields; 


At/. 


tyaJ 


The  velocity  error  AU^gj  thus  increases  with  decteasing 
pulse  separation  T.  ^iplying  negative  shift  velocities,  i.e.  by 
shifting  the  observation  area  towards  the  mean  flow  direction 
and  appropriately  increasing  the  pulse  separation,  this 
correlation  can  be  used  to  investigate  flows  with  very  low 
degrees  of  turbulence  (Rscber  et  al.  1993.  Kompenhans  et  al. 
1993).  In  the  case  of  positive  shift  velocity  and  a  reduced  pulse 
sq)aration.  however,  this  fact  leads  to  a  growing  influence  of 
the  evaluation  noise.  This  disadvantage  must  be  weighed 
against  the  improved  evaluability  as  possible  by  means  of  image 
shifting.  e.g.  in  strongly  three-dimensional  flows. 


There  is  a  another  source  of  inaccuracy  if  measuring  three- 
dimensional  flows.  This  inaccuracy  results  from  the  fact  that  the 
projection  of  the  3D  velocity  vector  of  the  flow  field  into  the  2D 
plane  of  recording  is  not  a  parallel  projection,  as  it  is  mostly 
assumed  for  simplification,  but  a  perspective  projection.  The 
influence  of  this  error  has  already  been  reported  in  the  literature 
(e.g.  Louren^o  1988).  Now  this  effect  becomes  of  considerable 
importance  through  the  possibility  of  measuring  strongly  three- 
dimensional  flows  by  image  shifdng.  A  systematic  error  arises, 
especially  at  the  ed^  of  the  observation  field,  if  the  out-(tf- 
plane  component  and  its  value,  which  might  be  obtained  e.g.  by 
stereoscopic  methods,  are  not  considered. 


THE  INFLUENCE  OF  THE  PERSPECTIVE 
PROJECTION  IN  CASE  OF  A  3D  FLOW 

The  following  discussion  is  based  on  the  assumption  of  a 
flow  with  a  strong  out-of-plane  component  In  order  to  describe 
the  influence  of  the  perspective  projection  qualitatively  and 
quantitatively  an  example  ^all  be  given; 

A  potential  vortex  is  assumed,  similar  to  vortices  occuring 
in  natural  flows  (hurricane)  and  flows  in  technical  devices 
(cyclone).  In  the  case  of  an  isoenergetic  flow  the  Bernoulli- 
equation  yields  for  the  velocity  components  Cy  and  C^. 


svfaere  Cj  is  the  absolute  flow  vekxity,  and  Rj  the  radius  of 
a  point  outside  die  vortex  cote. 


Fig.  1:  3-D  representation  of  the  coordinate  system,  the 
observation  fleld  and  a  streamline  (og  <  nM  for  better 
representation) 

The  X-axis  of  the  observed  plane  of  the  flow  is  parallel  to 
the  vortex  axis,  and  is  located  outside  the  vortex  core  as 
illustrated  in  Figure  1.  The  Y  and  Z  components  can  be 
calculated  according  to  the  formula  given  above,  while  the  X- 
component  of  the  velocity  is  assumed  to  have  a  value  of  20%  of 
the  other  velocity  components  in  point  B.  This  leads  to  the 


following  equations  for  the  velocity  components  as  functions  of 
the  XYZ-coWinates: 

C.=+C,  ^  0.2 

Y  Ay 

C.-C, 

Y  V  AX 
C,  .*C,  siB(«,C<|(— )*0,) 


In  the  '•■y  of  the  following  numerical  simulation  of  the  FIV 
recording  process  oq  =  n/4  is  assumed,  so  that  (^  =  0  at  point 
A  and  =  0  at  point  C.  Using  the  classical  FTv  method,  only 
the  X-  and  Y-components  within  the  light  sheet  plane  can  be 
determined  (see  Fig.  2). 
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Fig.  2:  Illustration  of  the  X-  and  Y-components  of  the 
velocity  vectors  of  a  simulated  potential  vortex  within  the 
observation  field  shown  in  Fig  1. 
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Fig.  3:  Tllii^tratinn  of  two  components  of  the  velocity  vectors 
after  "HV  recording”  (M  =  1/4.  3Smm  film,  f  =  60mm) 
calculated  by  means  of  perspective  transformation  from  the 
same  velocity  vector  freld  as  presented  in  Fig.  2. 


It  is  possible  to  c^lcuUte  the  values  that  would  have  been 
obtained  by  a  HV  measurement  from  the  3D  velocity  vectors  in 
the  X-Y-plane.  by  means  of  linear  algebra  utilizing  the 
algorithms  for  transformation  as  presented  by  Raffel  (1993).  It 
is  necessary  to  employ  a  presentation  in  a  homogeneous,  four- 
dimensional  vector-space  because  the  projection  wider 
consideration  is  a  non-linear  transformation  (Gonzalez  &  Wintz 
1987).  Figure  3  shows  the  same  vekxaty  vectors  a  PIV 
recording  of  the  flow  field  discussed  above  would  show.  The 
clniUrirtn  is  based  on  the  folloiving  parameters:  magnification 
M  »  1/4.  film  size  35  X  24  mm^.  focal  length  of  the  object  lens 
f  «  60mm.  These  parameters  are  realistic  values  for  FIV 
recording  for  ae.'odynamic  applicahons  in  wind  tunnels. 

The  difference  between  the  real  X-Y  dau  and  the  calculated 

”FIV  recording"  data  is  up  to  16.6%  of  the  mean  flow  velocity 
in  this  case  of  idealized  conditioos.  In  order  to  achieve  accurate 
data,  this  deviation  is  clearly  to  be  assessed  as  a  considerable 
error,  but  its  systematic  influence  does  not  hamper  the 
interpretation  of  the  instantaneous  flow  field  when  kxdting  for 
structures  as  it  would  be  the  case  for  random  errors.  In  order  to 
illustrate  this  statement,  an  error  of  the  same  size  but  with 
nmdom  angular  distribution  was  superimposed  on  the  real 
velocity  data  (see  Fig.  4). 


Fig.  4:  Illustratirm  of  two  components  of  the  velocity  vectors 
via  a  ”FIV  recording”  with  a  random  error  of  the  same  order  as 
contained  in  the  "PIV  recording”  shown  in  Fig.  3. 


The  only  way  to  avoid  the  error  due  to  the  perspective 
projection  of  the  velocity  vectors  for  a  highly  three-dimensional 
flow  is  to  measwe  all  three  components  of  the  velocity  vector, 
for  example  by  means  of  stereoscopic  techniques. 


SYSTEMATICAL  SHIFT  ERRORS 

Another  source  of  errors  is  the  way  the  virtual  image  of  a 
particle  is  shifted  by  an  image  shifting  system.  This 
displacement  and  the  resulting  shift  of  the  particle  images  do 
not  represent  the  desired  crue  of  a  uniform  shift  for  all  points  of 
the  observed  field.  This  problem  appears  in  the  case  of  an 
image  shifting  system  utilizing  a  rotating  mirror  and  also  if 
using  a  birefringent  crystrd  and  differently  polarized  light  as 
reported  by  Reuss  et  al.  (1993).  If  this  fact  is  not  taken  into 
account  ptoperiy.  errors  will  result  of  a  magnitude  which  can 
not  be  n^lected. 
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As  an  example  the  displacement  of  the  particle  images  as 
generated  by  a  rotating  mirror  determined  theoretically  and 
experimentally  will  be  shown.  The  displacement  of  the  particle 
images  on  the  film  is  mainly  influenced  by  the  3D  motion  of  the 
virtual  image  of  the  light  sheet  plane.  This  3D  motion 
generates,  together  with  the  perspective  projection  of  the 
imaging  lens,  errors,  if  only  a  constant  shift  over  the  entire 
observation  field  is  assumed.  In  contrast  to  the  case  of  a 
unknown  out-of  plane  flow  component  as  discussed  in  the 
previous  chapter,  in  this  case  the  influence  of  the  third 
component  can  be  calculated  and  the  error  due  to  this 
component  can  be  eliminated. 

In  our  experiment  the  images  of  particles  in  air  at  rest  have 
been  illuminated  by  two  laser  pulses  and  recorded  via  a  high 
speed  rotating  mirrror  utilizing  a  f=100  mm  object  lens.  The 
PTV  recordings,  showing  two  images  of  each  partide  at  rest  due 
to  the  artificial  image  shift  by  means  of  the  rotating  mirror, 
have  been  evaluated  in  the  usual  way  (abtocorreladon 
technique). 

First  the  displacement  of  the  images  of  the  tracer  particles 
has  been  determined  theoretically.  The  calculation  of  the 
geometric  reladons.  the  perspective  projection  and  the  rotation 
of  the  mirror  yield  the  following  equations  for  the  shift  of  the 
tracer  images  AX  and  AY  in  the  film  plane  (details  see  Raffel 
1993): 


X-M  (S„-S.)  2a).T 

(x+(s,-s.)  Af)  2oj,r  r'  (i+An’‘+i 


(XHS,-SJ  M)  2(0  J  /-'  (1 + M)-'  + 1  ” ^ 


f  focal  length 

M  im^e-object  magnification 

distance  mirror  axis  to  observation  field 
(Z-direcdon  in  Fig.  1) 

(Sj-S^)  distance  mirror  axis  to  optical  axis  of  the 

lens  (X-direcdon  in  Fig.  1) 

T  pulse  separadon 

0)^  mirror  speed  in  rad/s 


In  many  cases  the  distance  mirror  axis  to  opdcal  axis  of  the 
lens  (S]-S,„)  can  be  adjusted  to  zero.  The  minor  axis  is 
assumed  to  be  parallel  to  the  Y-axis  of  the  coordinate  system 
shown  in  Fig.  1. 


Figure  S  shows  the  calculated  difference  between  the  local 
shift  (AX.  AY)  cf  the  images  of  the  particles  caused  by  the 
rotating  minor  and  the  shift  in  the  center  of  the  observadon 
field  Xjjijfi  as  caused  by  the  rotating  mirror.  The  image 
displacement  was  194  pm  in  the  center  of  the  FIV  recording. 
This  displacement  increases  up  to  200  pm  at  the  edges  of  the 
image. 


Fig.  5:  Map  of  the  calculated  tracer  image  shift 
(AX-Xjj^.  AY)  on  the  film.  Magnification  Ms  1:4.  dme 
between  two  the  pulses  T  =  20  ps.  distance  of  the  rotating 
mirror  axis  fiom  the  lightsheet  R  =  512  mm.  mirror  speed 
(0,^  s  62.8  rad/s.  focal  length  f  =  100  mm. 

The  displacement  of  the  images  of  the  particles  has  also 
been  determined  experimentally  employing  the  same 
parameters  as  for  the  theotedcal  calculadon.  Fig.  6  igain 
displays  the  difference  between  the  local  shift  (AX.  AY)  of  the 
images  of  the  particles  caused  by  the  rotating  mirror  and  the 
shift  in  the  center  d  the  observation  field  Xj|^|  as  caused  by 
the  rotating  minor,  scaled  in  the  same  way  as  in  Fig.  5.  An 
excellent  agreement  between  the  theotedcal  and  experimental 
results  can  be  seen  when  comparing  Figures  5  a^  6.  The 
deviadons  of  the  experimental  values  from  the  calculated  values 
lie  within  the  resolution  of  our  PIV-evaluation  system  and  do 
not  display  any  systematic  errors.  Therefore,  we  can  assume 
that  the  rotating  mirror-camera  system  has  been  modeled 
correctly. 


Fig.  6*  Map  of  the  experimentally  determined  tracer  image 
shift  (AX-Xj)jjf|,  AY)  on  the  film.  Ma^iification  M  =  1.4.  dme 
between  two  the  pulses  T  =  20  ps.  distance  of  the  rotating 
mirror  axis  from  the  lightsheet  plane  R  =  512  mm.  mirror  speed 
ci),^  >  62.8  rad/is,  focal  length  f  =  100  mm. 
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SUMMARY 
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noise  itself  due  to  an  increased  number  of  paired  pa^dcle 
images  and  a  smaller  variance  of  the  velocity  within  each 
interrogation  spot,  if  utilizing  image  shifting.  Thus,  the 
maximum  attainable  accuracy  of  the  measurements  results  horn 
the  chosen  compromise  between  an  enhanced  resolution  due  to 
a  long  pulse  separation  and  a  noise  reduction  due  to  a  short 
pulse  separation. 

A  systematic  error  at  the  edges  of  the  observation  field 
becomes  of  considerable  importance  through  the  possibility  of 
measuring  strongly  three-dimensional  flows  by  means  of  image 
shifting.  For  the  observation  of  flows  with  a  strong  out-of-plane 
component  the  third  flow  component  should  also  be  measured 
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abstract  ^ 

Image  shifting  is  primarily  known  as  a  method  for  elimina¬ 
ting  the  ambiguity  of  the  direction  (i.e.  sign)  of  the  velocity 
vector  when  recording  the  images  of  the  tracer  particles  at 
Particle  Image  Velocimetry.  However,  there  exist  further 
capabilities  of  the  image  shifting  technique,  which  -  in  general  - 
increase  the  applicability  of  the  PIV  method  for  measuring 
complex  flow  fields.  These  capabilities  are  discussed  and  the 
efficiency  of  image  shifting  by  means  of  the  DLR  high  speed 
rotating  mirror  system  is  demonstrated  by  referring  to  the  results 
of  different  wind  turmel  measurements. 

1.  INTRODUCTION 

Employing  the  Particle  Image  Velocimetry  (PIV)  in  its 
'classical'  form,  the  information  about  magnitude  and  direction 
of  an  instantaneous  velocity  vector  is  determined  from  the 
displacement  of  the  images  of  tracer  particles,  illuminated  in  a 
plane  of  light  within  the  flow  by  two  laser  pulses  of  the  same 
wavelength  and  of  the  same  (short)  pulse  length,  which  are 
delayed  by  a  time  interval  r  of  a  few  microseconds  (Adrian 
1991).  The  images  of  the  particles  due  to  the  first  and  second 
exposure  are  both  stored  on  the  same  PIV  recording.  The 
velocity  vectors  are  determined  by  subdividing  the  PIV 
recording  into  interrogation  spots  and  employing  well  described 
statistical  evaluation  techniques  such  as  histogram-analysis, 
analysis  of  Young's  fringes  or  autocorrelation  method.  These 
methods  are  widely  used  as  they  are  easy  to  implement  when 
developing  a  fast  and  reliable  fully  automatic  working 
evaluation  system.  However,  one  main  drawback  is  involved 
with  these  'classical'  evaluation  techniques.  It  is  obvious  from 
the  description  of  the  recording  process  as  given  above,  that  the 
sign  of  the  direction  of  the  motion  of  the  particles  within  each 
interrogation  spot  cannot  be  determined  with  these  recording 
and  evaluation  techniques  since  there  is  no  way  to  decide  which 
image  is  due  to  the  first  and  which  is  due  to  the  second  exposure 
of  a  particle.  Although,  for  many  applications  the  sign  of  the 
velocity  vector  can  be  derived  fiom  a  priori  knowledge  of  the 
flow,  in  reverse  flows,  for  example  in  areas  of  detached  flow  and 
in  wakes  behind  models,  steps  have  to  be  taken  to  determine  the 
sign  of  the  displacement  and  hence  the  velocity  vector  correctly. 

In  principle  the  cross  correlation  technique  instead  of 
autocorrelation  methods  can  be  employed  for  ambiguity 


removal.  However,  for  this  purpose  it  must  be  possible  to  store 
the  images  of  the  tracer  particles  due  to  the  first  and  due  to  the 
second  exposure  on  two  separate  recordings  (two  illuminations  - 
two  recordings).  The  temporal  sequence  of  the  recordings  is 
known.  Thus,  it  is  no  problem  to  decide  which  image  was  first 
and  which  was  second.  The  cross  correlation  technique  has  been 
realized  in  connection  with  the  development  of  Digital  Video 
PIV  by  Willert  and  Gharib  (1991).  In  the  case  of  video  PIV  two 
subseqent  video  frames  are  utilized  to  store  the  images  of  the 
particles  at  two  subsequent  illuminations.  For  video  as  well  as 
for  high  speed  photographic  recording  there  remains  the 
problem  that  there  exists  a  minimum  time  which  is  necessary  to 
change  between  two  subsequent  recordings  (video  frame  rate, 
transport  speed  of  film).  This  means  that  at  the  present  state  of 
the  development  of  PIV  the  cross  correlation  technique  for 
ambiguity  removal  is  restricted  to  applications  in  low  speed 
flows. 

However,  the  great  interest  in  PIV  measurements  in  many 
different  fields  of  research  requires  a  flexible  technique  for 
ambiguity  removal  which  can  be  applied  to  a  variety  of  experi¬ 
mental  situations.  Especially  for  aerodynamic  investigations  it  is 
very  important  to  be  able  to  apply  this  technique  at  high  speed 
flows,  i.e.  with  short  time  intervals  of  a  few  microseconds 
between  both  exposures.  Such  a  method  is  the  image  shifting 
technique  as  described  by  Adrian  (1986),  Landreth  el  al  (1988a), 
and  Gauthier  and  Riethmuller  (1988),  which  enforces  a  constant 
additional  displacement  on  the  image  of  all  tracer  particles  at  the 
time  of  their  second  illumination.  Only  minor  modifications  of 
the  evaluation  technique  either  by  means  of  the  Young's  fiinges 
or  the  autocorrelation  method  are  required  when  applying  the 
image  shifting  method  for  recording  at  PIV. 

2.  IMAGE  SHIFTING 

At  present  the  most  widely  used  experimental  tedinique  for 
image  shifting  is  to  utilize  a  rotating  mirror  system.  The  obser¬ 
vation  area  in  the  flow  is  imaged  onto  the  recording  area  in  the 
camera  via  a  rotating  mirror.  The  magnitude  of  the  additional 
displacement  of  the  images  of  the  tracer  particles  depends  on  the 
number  of  revolutions  of  the  mirror  per  time,  the  distance 
between  light  sheet  plane  and  mirror,  the  magnification  of  the 
imaging  system  and  the  time  delay  between  the  two 
illuminations,  see  Landreth  et  al  (1988a).  Experimental  set-ups 
employing  rotating  mirrors  as  realized  by  different  authors  show 
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good  experimental  results,  e.g.  at  the  investigation  of  dynamic 
now  detachment  (wake  with  reverse  flows)  above  profiles 
Louren^o  (1986).  The  application  of  rotating  mirror  systems  on 
turbulent  and  convective  flows  made  also  evident  the  important 
influence  of  this  method  on  the  attainable  resolution  of  the  PIV 
technique  (Landreth  et  a!  1988a,  Grant  et  al  1989). 

In  order  to  achieve  very  high  shift  velocities  electro^ptical 
methods  employing  differently  polarized  light  for  illumination 
have  been  proposed  and  applied  by  Landreth  &  Adrian  (1988b), 
Louren^o  (1993)  and  Molezzi  &  Dutton  (1993).  The  constant 
shift  of  the  particle  images  is  obtained  e.g.  by  means  of 
birefringent  crystals  of  appropriate  thickness.  Reuss  (1993) 
describes  problems  of  this  method  as  e.g  'depolarization  effects'. 
The  following  discussion  on  the  application  of  image  shifting  is 
independent  of  the  fact  which  technique  is  employed  to  achieve 
the  additional  displacement  of  the  images  of  the  particles. 

Due  to  our  experience  we  see  most  practical  ad|iantages  at 
aerodynamic  investigations  if  applying  a  rotating  mirror  system 
for  image  shifting.  A  high  speed  rotating  mirror  system  as 
described  by  Raffel  (1993b)  has  been  developed  at  DLR  in  order 
to  be  able  to  carry  out  measurements  even  in  transonic  flows. 
The  frequency  of  rotation  ranges  from  I  Hz  to  100  Hz,  thus 
covering  a  range  of  shift  velocities  from  3  m/s  to  300  m/s  (at  a 
ratio  of  reduction  of  I  ;4  between  observation  plane  in  the  flow 
to  the  recording  plane).  This  system  has  been  successfully 
applied  to  different  aerodynamic  investigations  in  wind  tunnels. 
A  detailed  analysis  of  the  errors  involved  with  image  shifting  by 
means  of  a  rotating  mirror  has  also  been  given  by  Raffel 
(1993b). 

During  evaluation  the  PIV  recording  is  intetrogated  in  small 
sub  areas.  The  diameter  of  the  interrogation  spot  is  typ.  0.7  mm 
in  our  evaluation  set-up.  Due  to  our  experience  b^  results 
concerning  resolution,  accuracy  and  number  of  valid  data  is 
obtained  if  the  displacement  of  the  tracer  particles,  measured  on 
the  recording  area  (photographic  plate)  is  130  pm  i  d_  i 
230  pm.  This  agrees  with  the  results  of  the  simulation  of  th^IV 
recording  and  evaluation  process  by  Keane  &  Adrian  (1990). 
The  number  of  particle  images  within  the  interrogation  spot 
should  be  N  2  1 3  due  to  these  simulations.  In  the  following  four 
typical  experimental  situations  appearing  at  investigations  of 
flow  fields  in  wind  tunnels  shall  be  explained. 

2.1  Elimination  of  the  ambiguity  of  direction 


Fig.  I  explains  the  well  known  way  to  remove  the  ambiguity 
of  direction  by  means  of  image  shifting  in  the  case  of  flow 
reversal.  By  adding  an  additional  shift  to  the  flow-induced 
displacement  of  the  images  of  the  tracer  particles  one  retains  the 
same  imaging  conditions  for  complex  flows  as  are  valid  for 
flows  without  reverse-flow  areas.  However,  by  selecting  the 
additional  shift  in  such  a  way  that  it  is  always  greater  than  the 
maximum  value  of  the  reverse-flow  component,  it  is  guaranteed 
that  the  tracer  images  of  the  second  exposure  are  always  located 
in. "positive"  direction  with  respect  to  the  location  of  the  first 
exposure  (see  Fig.  I).  For  eliminating  the  ambiguity  of  direction 
it  does  not  matter  in  which  direction  within  the  observation 
plane  the  shift  takes  place,  if  the  maximum  of  the  corresponding 
reverse-flow  component  is  interpreted  accordingly. 

Thus,  an  unambiguity  of  the  sign  of  the  velocity  vector  is 
established.  The  valiw  and  correct  sign  of  the  velocity  vectors  d| 


and  d2  will  be  obtained  by  subtmcting  the  "artificial’ 
contribution  at  the  evaluation  of  the  PIV  recording. 
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without  image  shifting  with  image  shifting 

Fig.  1.  Elimination  of  the  ambiguity  of  direction  of  the 
velocity  vector. 

Fig.  2  shows  the  instantaneous  flow  field  above  a  pitching 
NACA  0012  airfoil  at  an  angle  of  incidence  of  a  =  24°t  in 
upstroke  motion  at  a  mean  flow  velocity  of  =  28  m/s 
(Kompenhans  et  al  1994).  A  strong  vortex  with  reversal  of  flow 
direction  can  be  seen  above  the  airfoil  (the  so-called  'dynamic 
stair  vortex). 


Fig.  2.  Instantaneous  flow  field  above  NACA  0012  airfoil  at 
a  =  24'T  in  upstroke  motion  and  =  28  m/s; 

U*ift=>28m/s. 

Table  I  lists  the  parameters  of  the  experiment  and  explains 
how  the  application  of  image  shifting  (i.s.)  eliminates  the 
ambiguity  of  direction.  The  magnification  M  at  imaging  from 
the  flow  onto  a  33  mm  film  and  typical  values  for  the  number  N 
of  particles  per  interrogation  spot  within  this  recording  are  also 
given. 
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-28  +30 

36 

0 

0 
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+354 

with  i.s. 

12 

128 

194 

+132 

+270 

Table  I.  Parameters  at  recording  of  instantaneous  flow  field 
shown  in  Fig.  2. 


As  already  mentioned,  the  technique  of  image  shifting 
furthermore  provides  the  opportunity  to  influence  other 
important  parameters  during  recording  as  well  and,  therefore, 
helps  to  employ  the  PIV  method  for  investigations  in  a  wide 
range  of  different  flows. 

2.2  Measurement  of  highly  three-dimensional  flows 

At  'classical'  PIV  the  light,  which  is  scanered  by  particles 
illuminated  two  times  within  a  light  sheet,  is  recorded.  This 
feature  of  the  PIV  method  limits  its  application  in  highly  three- 
dimensional  flow-regimes.  The  restriction  is  caused  by  the  fact 
that  particles  moving  perpendicular  to  the  light  sheet  will  leave 
the  light  sheet  in  between  the  two  illuminations  and  thus  will  not 
yield  data  when  evaluating  the  PIV  recording  but  will  only  add 
noise.  This  problem  gets  even  more  severe  for  measurements  in 
gaseous  media,  where  very  small  particles  are  requiijpd  in  order 
to  follow  the  flow  faithfully.  Small  particles  scatter  little  light, 
which  results  in  a  small  effective  depth  of  focus  at  recording.  In 
our  experiments  the  depth  of  focus  is  of  the  order  of  the  thick¬ 
ness  of  the  light  sheet,  i.e.  n  O.S  mm.  Experience  shows  that  the 
depth  of  the  light  sheet  or  the  depth  of  focus  cannot  be  increased 
considerably  by  changing  the  experimental  set-up. 

The  simulation  carried  out  by  Keane  &  Adrian  1990  showed 
that  the  conventional  PIV  technique  is  only  applicable  to  flows 
in  which  the  out-of-plane  velocity  component  amounts  to  less 
than  30%  of  the  in-plane  components. 

The  only  practical  way  to  reduce  the  number  of  particles 
leaving  the  light  sheet  plane  is  to  decrease  the  time  between  the 
light  pulses  considerably  (see  Fig.  3).  In  the  same  way  the 
diplacement  of  the  images  of  the  tracer  particles  will  be  reduced. 
However,  the  optimal  distance  between  two  particle  images  d^^, 
required  for  the  evaluation  by  means  of  the  autocorrelation 
technique  can  be  re-established  by  applying  image  shifting  (see 
Fig.  4).  Since  the  number  of  dual-particle  images  is  increased 
considerably  by  this  method,  the  number  of  valid  data  can  be 
increased  significantly.  Therefore,  a  much  greater  third 
component  of  the  flow  velocity  is  tolerable  at  the  same  signal- 
to-noise  ratio. 
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Fig.  3.  Effect  of  reducing  the  time  between  two  pulses  (figure 
is  not  to  scale). 
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Fig.  4.  Re-establishing  the  optimal  distance  between  pulses. 


As  an  example  for  measurements  in  a  highly  three-dimen¬ 
sional  flow  field  the  result  of  test  measurements  on  a  helicopter 
rotor  (NACA  23012)  at  U_  33  m/s  and  a  rotation  of  f  =  47  Hz, 
which  results  in  a  blade  tip  velocity  of  -280  m/s,  is  shown  in 
Fig.  5.  A  shift  velocity  of  =  S40  m/s  has  been  applied  at 
these  tests  in  order  to  avoid  data  drop-out  by  out-of-plane 
motion.  Fig.  S  shows  that  in  this  test  the  shift  velocity  was  too 
large  in  order  to  resolve  the  vortical  structures  in  the  flow 
adequately.  Table  2  gives  the  parameters  of  this  experiment. 


Fig.  S.  Instantaneous  flow  field  above  helicopter  rotor  (NACA 
23012)  at  U.  33  m/s  and  a  frequency  of  rotation  of  f 
=  47  Hz  (blade  tip  velocity  -280  m/s);  =  540  m/s. 
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Table  2.  Parameters  at  recording  of  instantaneous  flow  field 
shown  in  Fig.  5. 

It  has  to  be  kept  in  mind,  that  the  resolution  of  the  velocity 
measurement  is  decreased  by  reducing  the  time  between  the 
light  pulses.  This  has  to  be  balanced  against  the  improved 
signal-to-noise  ratio.  The  maximum  attainable  accuracy  of  the 
method  results  from  the  chosen  compromise  between  resolution 
and  signal-to-noise  ratio.  Additionally,  it  has  to  be  mentioned 
that  allowing  a  significant  velocity  component  perpendicular  to 
the  light  sheet  plane  leads  to  an  error  due  to  this  component 
This  error  is  known  from  the  literature  and  arises  from  the  fact 
that  the  camera  lens  reproduces  the  tracer  particles  by 
perspective  projection  and  not  by  parallel  projection  (details  see 
e.g.  Raffel  &  Kompenhans,  1994). 

2  J  Reduction  of  the  variance  within  an  interrogation  spot 

Even  if  high  velocity  gradients  are  present  the  signal-to- 
noise  ratio  is  increased  by  additionally  shifting  the  tracer  images 
between  the  two  illuminations. 

At  the  autocorrelation  technique  the  displacement  vector  is 
determined  by  averaging  over  all  displacements  between  image 
pairs  within  one  interrogation  spot.  Therefore  it  has  to  be 
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2.4  Improving  the  resolution 


assumed  that  the  flow  velocity  does  not  chaige  magnitude  and 
direction  within  the  interrogation  spot.  If  this  assumption  is  no 
longer  valid,  it  becomes  difflcult  to  determine  the  location  of  the 
signal  peak  in  the  autocorrelation  plane  accumtely.  This  means, 
that  for  successful!  detection  of  the  displacement  vector,  the 
variance  of  the  particle  image  displacement  within  the 
interrogation  spot  has  also  to  be  limited  (Keane  &  Adrian, 
1990).  The  variance  of  the  displacement  within  the  interrogation 
spot  can  be  reduced  by  application  of  image  shifting,  i.e.  by 
decreasing  the  delay  between  the  two  pulses  for  illumination  and 
adding  an  additional  shift  in  the  same  direction.  Less  data  drop¬ 
out  is  to  be  expected  by  this  means. 

The  same  argument  as  for  a  local  interrogation  spot  holds  for 
the  whole  PIV  recording.  As  explained  above,  there  exists  an 
optimal  range  of  particle  displacements  of  ISO  pm  i  d^  ^ 
250  pm  for  evaluation.  The  upper  and  tower  limit  of  the 
displacement  of  the  tracer  particles  in  the  flow^  which  is 
determined  by  the  flow  to  be  investigated,  can  be  adapted  to  the 
optimal  range  of  displacement  on  the  recording  medium  by 
applying  the  image  shifting  technique. 

Strong  velocity  gradients  are  present  within  shocks 
embedded  in  transonic  flows.  Fig.  6  shows  such  an 
instantaneous  flow  field  •  again  above  a  NACA  0012  airfoil, 
now  at  Ma^  =  0.75  (Raffel  &  Kompenhans  1993a).  By 
subtracting  the  speed  of  sound  from  all  velocity  vectors  the 
supersonic  flow  regime  and  the  shock  are  clearly  detectable.  Due 
to  the  application  of  image  shifting  no  data  drop-out  is  found 
even  in  interrogation  spots  containing  the  flow  field  in  front  and 
behind  the  shock  (flow  velocities  from  U  =  200  m/s  to  520  ms). 


Fig.  6.  Instantaneous  flow  field  above  NACA  0012  airfoil  at 
0  =  5“  and  Ma„  =  0.75;  =  174  m/s. 

The  parameters  at  recording  are  presented  in  Table  3. 
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U„i„ 

RISX 

T 

*^inin 

*^ni«x 

(m/sj 

(m/s) 

M 

[m/s) 

[pm] 

[pm] 

[pmj 

without  i.s. 

200 

520 

5 

0 

0 

149 

388 

with  i.s. 

3 

174 

78 

167 

311 

Table  3.  Parameters  at  recording  of  instantaneous  flow  field 
shown  in  Fig.  6. 


In  flows  with  only  a  small  velocity  component  perpendicular 
to  the  main  flow  direction  and  with  only  small  fluctuations  in 
the  main  flow  direction,  an  increase  in  resolution  can  be 
achieved  by  choosing  longer  time  delays  between  the 
illumination  pulses  and  image  shifting  'againsf  the  main  flow 
direction.  This  situation  is  explained  in  Fig.  7. 

XshM 

<  =3 

«  ■  w  »  •  - - >  •  o 

. I- 

«  W  »  »  *  •  o 

-+4-  I - 1 

/yll  Ad2 

without  image  shifting  with  image  shifting 

Fig.  7.  Effect  of  increasing  the  resolution  by  increasing  the 
pulse  delay  and  shifting  'against*  the  main  flow 
direction. 

By  increasing  the  resolution  it  is  now  possible  to  obtain 
meaningful  PIV  results  even  in  flows  with  a  degree  of 
turbulence  of  Tu  •>>  0.5%.  Fig.  8.  shows  the  instantaneous  flow 
field  behind  a  grid  (Kompenhans  et  al  1993).  The  degree  of 
turbulence,  as  measured  by  means  of  a  hot  wire,  was  Tu  = 
0.46  %.  The  small  turbulent  structures  present  in  the  flow  field 
can  be  clearly  detected.  This  was  possible  by  means  of  “negative' 
image  shifting  with  =  -5.8  m/s.  The  parameters  of  the 
measurement  are  given  in  Table  4. 


Fig.  8.  Instantaneous  flow  field  of  the  fluctuating  velocity 
component  behind  a  grid  at  U  =  10  m/s  and  Tu  = 
0.46%:  11,,^#  = -5.8  m/s. 
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T 

‘•shift 

*•111111 

‘•max 

[m/s] 

[m/s] 

[ps] 

[m/s] 

[pm] 

[pm] 

[pm] 

without  i.s. 

9.9 

10. 1 

80 

0 

0 

198 

202 

with  i.s. 

225 

-5.8 

-278 

196 

206 

Table  4.  Parameters  at  recording  of  instantaneous  flow  field 
shown  in  Fig.  8. 
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If  applying  image  shifting  in  this  way  a  compromise 
between  an  improvement  of  the  resolution  of  the  velocity 
measurement  and  a  reduction  of  spatial  resolution  (due  to  a 
larger  effective  interrogation  spot)  has  to  be  found. 

DISCUSSION 

At  present  a  higher  spatial  resolution  is  obtained  at  PIV  if 
employing  photographic  recording  instead  of  digital  video 
recording,  even  for  35  mm  photographic  material.  Though  CCD 
sensors  with  greater  pixel  numbers  are  continuously  under 
development  and  brought  into  the  market,  it  will  last  some  time 
till  video  recording  is  possible  with  the  same  spatial  resolution 
as  with  60  mm  or  120  mm  film  format.  Another  problem,  which 
remains  with  video  PIV,  is  to  store  the  huge  amount  of  data, 
which  will  be  captured  during  a  measuring  campaign  in  a  wind 
tunnel  within  reasonable  time  digitally  instead  in  an  yialog  form 
on  film.  This  means  that  for  PIV  applications,  where  high 
resolution  concerning  velocity  and  space  is  required,  the 
photographic  technique  must  be  utilized.  One  main  disadvantage 
of  the  photographic  technique  is  -  amongst  others  -  that  -  at 
present  -  it  is  not  possible  to  record  the  images  of  the  tracer 
particles  on  two  different  photographic  plates,  at  least,  if  for 
aerodynamic  investigations  pulse  separations  of  the  order  of 
microseconds  are  required  That  means  that  the  problem  of 
ambiguity  removal  has  to  be  solved  for  photographic  PIV  in  a 
reliable  and  flexible  way  by  image  shifting.  Additionally,  the 
application  of  image  shifting  helps  to  be  able  to  perform  PIV 
measurements  in  strongly  three-dimensional  flows  and  in  flows 
with  strong  velocity  gradients.  By  'negative'  image  shifting  the 
resolution  of  the  velocity  measurement  can  be  increased.  Our 
experience  has  shown  that  all  these  applications  of  image 
shifting  can  best  be  done  by  means  of  a  rotating  minor  system. 

If  employing  the  'two  illuminations  -  one  recording'  method, 
there  is  another  possibility  to  increase  the  flexibility  of  the  PIV 
system  for  applications  in  different  types  of  flows,  i.e.  by  first 
digitizing  the  PIV  recording  and  then  utilizing  the  cross 
correlation  technique  for  two  sub  areas  of  the  recording  (Keane 
&  Adrian  1992)  instead  of  autocorrelation.  The  size  of  the  two 
interrogation  windows  and  their  displacement  can  be  adapted 
during  evaluation.  This  technique  can  cover  the  problems  of  not 
having  chosen  the  optimal  distance  between  tracer  particles  at 
recording  still  during  evaluation,  but  it  cannot  remove  the 
ambiguity  of  direction  of  the  velocity  vectors  or  handle 
situations  with  image  displacements  of  the  order  of  the  diameter 
of  the  particles.  Furthermore,  if  considering  high  resolution 
measurements,  the  autocorrelation  technique  by  means  of  an  all- 
optical  set-up  yields  the  best  resolution  of  small  velocity 
fluctuations  as  shown  by  Vogt  ei  at,  1994. 

CONCLUSION 

In  this  paper  the  advantages  and  the  problems  at  the 
application  of  image  shifting  have  been  discussed.  Summarizing 
one  can  say,  that  when  designing  an  experimental  set-up  for 
PIV,  one  first  should  decide  on  the  priority  of  goals:  high  spatial 
and/or  temporal  resolution  of  the  flow  field  to  be  investigated, 
necessary  resolution  of  velocity  fluctuations,  time  interval  in 
which  the  measurements  have  to  be  carried  out,  how  to  store  the 
PIV  recordings  etc..  After  having  done  this  an  appropriate 


system  for  recording  can  be  selected.  However,  it  must  be  kept 
in  mind,  that  not  every  requirement  can  be  fulfilled  due  to 
technical  limits  e.g.  in  laser  power,  pulse  repetition  etc..  The 
selection  of  the  recording  system  also  influences  the  method  for 
ambiguity  removal,  which  can  be  utilized  and,  hence,  the 
evaluation  technique  to  be  used.  At  the  present  stage  of  the 
development  of  the  PIV  technique  the  application  of  the  image 
shifting  technique  (by  means  of  a  rotating  mirror)  seems  to  be 
the  method  best  suited  for  ambiguity  removal  and  flexible 
adaptation  to  the  flow  field  in  order  to  meet  the  requirements, 
which  have  to  be  fulfilled  to  obtain  high  quality  data  at 
investigations  of  flow  fields  in  aerodynamics. 
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1.  Abstract 

The  work  presented  in  this  paper  deals  with  means  of  making 
spatial  PIV  measurements  at  high  speeds  more  accurate.  The 
PIV  technique  is  now  a  well  developed  technique  for  fluids 
research.  Further,  a  move  to  three  dimensional  measurement  of 
the  velocity  field,  to  bring  the  accuracy  of  the  estimates  up  to  the 
standards  demanded  by  aerodynamicists,  is  the  next  step  in  the 
development  of  the  technique.  At  high  speeds,  the  seeding 
density  in  regions  of  interest,  such  as  wakes  or  boundary  layers, 
are  not  high  enough  to  enable  the  use  of  frequency  techniques; 
which  in  any  case  cannot  capture  small  scale  information. 

Essentially,  a  diffitaction  limited  optical  component  has  been 
used  to  provide  aberration  free  particle  images.  Secondly,  the 
sensitivity  of  the  CCD  cameras  has  been  increased  with  the  use 
of  bespoke  tuning  for  laser  operation.  Thirdly,  it  has  been  found 
that  it  is  possible  to  record  double,  with  a  lower  displacement 
than  in  the  past,  panicle  images  using  a  pulsed  laser.  Fourthly, 
the  particle  data  can  be  automatically  analyzed  using  a  software 
program.  Finally,  since  the  data  is  retarded  in  stereo,  it  is  possible 
to  obtain  instantaneous  3-D  particle  whole  field  velocity.  This 
3D  velocity  estimate  is  made  accurate  to  the  order  of  40Mm  with 
the  help  of  high  precision  measurements  of  position  in  all  three 
dimensions:  exploiting  the  intensity  information  in  the  data. 
Such  an  intensive  amount  of  processing  is  only  possible  due  to 
the  large  data  compression  which  is  possible  when  using  the 
spatial  approach  to  PIV  analysis. 

2.  Introduction 

For  many  years  several  groups  of  people  have  been  researching 
optical  methods  for  the  extraction  of  three-dimensional  flow. 
Tluoughout  the  last  decade  several  techniques  have  been  de¬ 
veloped.  Laser  Doppler  Anemometry  (LDA)  using  a  continuous 
wave  laser  to  temporally  scan  a  sin^e  spatial  poim  through  tlm 
flow  field  is  the  most  commercially  exploited  technique.  At  face 
value  the  application  of  li>A  seems  straightforward.  However, 
as  the  study  of  fluid  dynamics  has  evolved,  from  being  able  to 
solve  and  measure  the  steady  state  problem  towards  the  reality 
of  three-dimensional  turbulent  unst^y  flows,  the  inherent  limi¬ 
tations  of  temporally  averaged  date  have  become  more  apparent 
Alternatively,  whole  field  flow  visualizatitm  methods  such  as 
holographic  interferometry  have  failed  to  delivm  a  true  solution 
to  this  piroblem  for  two  main  reasons.  Firstly,  the  complexity  of 
the  hologrqrhic  system  has  made  its  application  specific  to  the 
experimental  case  in  question.  Seco^ly,  the  complexity  of 
deconvolving  an  integrated  refractive  index  field  adds  a  fitter 
limitation  to  the  general  application  of  the  technique. 


The  more  recently  evolved  Particle  Image  Velocimetiy  (nV) 
simplifies  the  acquisition  of  whole  field  data  to  a  photc^raphic 
and/or  CG)  imaging  process,  but  like  LDA,  still  requires  con¬ 
siderable  mathernmical  processing  of  data.  The  PIV  date  to  date 
ha$.asyet,inherentlyb^ofatwo-dimensionalnature.  Inorder 
to  extract  the  out-of-plane  component  various  authors  have 
concentrated  on  the  use  of  trianguiation.  However,  if  only 
triangulation  is  used,  the  relative  error  in  the  out-of-platK  direc¬ 
tion  is  of  the  order  of  three  times  larger  than  in  the  x-y  direction. 
This  effectively  makes  the  technique  of  no  practical  industrial 
use  where  three  dimensional  flow  obtains.  Furthermore,  both 
the  relative  and  absolute  co-ordinate  systems  remain  basically 
unrelated  as  the  measurements  obtairsed  by  trianguiation  are 
relative  between  pairs  of  particles  and  have  no  relation  to  a  frame 
of  reference.  Moreover,  PIV  data  is  notoriously  difficult  to 
interpret  vnthout  a  complementary  qualitative  picture,  to  set  the 
framework  for  the  more  quantitative  information  provided  by 
PIV.  Hus  last  topic  is  covered  in  a  companion  paper  also 
presented  at  this  conference. 

The  experiments  described  in  this  paper  provides  a  fundamental 
shift  to  3DPIV  and  addresses  the  limitations.  With  computer 
automated  particle  image  processing,  it  is  then  possible  to  con¬ 
struct  the  vectorial  distrilmtion  of  position  and  velocity  of  the 
flow  field  by  a  combination  of  tecimiques. 

3.  Experimental  eyeteme 

Testing  was  carried  out  in  the  ILPC  at  DRA  Pyestock  and  at  the 
new  transonic  facility  of  the  Department  of  Engineering,  Univer¬ 
sity  of  Warwick.  The  ILPC  is  a  short  duration  facility  designed 
to  allow  high  quality  heat  transfer  and  aerodynamic  measure¬ 
ments  to  be  tekra  for  a  full-size  annular  cascade  of  turbine  vanes. 
The  use  of  this  technique  for  turbomachinery  measurements  was 
pioneered  by  Schultz  et  al,  (1973).  The  Pyestock  facility  is 
described  by  Brooks  et  td,  (1983). 

The  Warwick  University  Transonic  Blowdown  facility  is  s 
transiem  tunnel  surrounded  by  an  Arucote  chamber.  The  initial 
function  of  the  test  cell  had  been  the  evaluation  of  noise  levels 
at  the  exit  of  a  transonic  jet  The  facility  is  described  in  detail  in 
the  companion  paper  presented  at  this  conference  (Funes-Gal¬ 
lanzi,  1994).  The  SMding  required  for  PIV  experiments,  is 
injected  into  the  settling  chamber,  at  a  pressure  of  approxirrrately 
8  bar. 

Images  employing  a  CCD  camera  and  iC2  diffraction  limited 
optics  arrangement  were  recorded;  using  a  frame  grabber  and 
related  electronics.  The  particle  images  shown  were  then  pro- 


cessed  using  a  software  package  developed  at  the  Univenity  of 
Warwick  called  APWin.  APWin  performed  its  processing  u^r 
Windows  on  a  PC  and  displayed  the  resultant  velocity  field  on  a 
SVGA  monitor.  The  results  were  then  downloaded  via  Ethernet 
onto  the  departmental  Sun  Sparc  station  1.  A  second  stage  of 
processing  followed,  at  the  end  of  which  a  re  vised  velocity  vector 
plot  was  produced  using  the  Matlab  environment 
4.  Abstriute  Position  estimation 

The  application  involves  3DPIV  experiments  at  transonic 
speeds  and  illustrates  a  novel  high  accuracy  absolute  position 
estimation  technique.  A  well  known  and  quite  difficult  problem 
in  conventional  PIV  is  to  ensure  that  die  data  is  being  viewed  • 
or  at  least  displayed  after  suitable  rotationsAranslations  •  ortho¬ 
gonally  to  the  light-sheet  This  problem  is  exacerbated  in  3DPIV 
and  it  has  been  found  to  be  impossible  to  determine  absolute 
position  as  accurately  as  requir^  under  realistic  experimental 
conditions.  Therefore,  a  novel  approach  is  being  presented  of 
making  an  initial  estimate  of  the  parameters  on-site,  and  sub¬ 
sequently  improve  on  these,  by  employing  two  views  of  a 
reference  image  and  a  mixture  of  techniques  implemented  in  the 
REGISTER  software  package;  developed  by  the  Warwick  Opti¬ 
cal  Engineering  group. 

It  is  of  crucial  importance  tt)  find  the  absolute  position  of  the 
frame  of  reference  provided  by  the  focal  distance.  In  this  way, 
the  relative  position  (and  therefore  velocities)  of  particle  pairs 
can  be  firstly  found  relative  to  this  point,  and  then  its  absolute 
position  in  space  can  be  ascertained. 

Error  aruiiysis  for  stereoscopic  PIV  has  been  investigated  for 
the  geometric  parameters  as  shown  by  Prasad  &  Adrian  (1993). 
However,  a  comprehensive  investigation,  even  for  the  geometric 
aspects,  including  the  effects  of  registration  error  was  not 
covered.  Particle  size,  which  is  given  by  the  speed  of  flow  under 
consideration,  influences  accuracy  in  two  distinct  ways.  Hrstly, 
its  image  size  relative  to  the  pixel  size  determines  the  maximum 
spatial  resolution.  By  exploiting  grey  level  information,  it  is 
possible  to  achieve  sub-pixel  (of  the  order  of  1/lOth  of  a  pixel) 
accuracy  with  no  bias.  Secondly,  varying  particle  sizes,  elec¬ 
tronic  noise,  image  smearing,  etc.  contribute  to  a  random  com¬ 
ponent.  By  employing  the  image  intensity  approach  to  PIV.  it  is 
possible  to  discriminate  particles  according  to  their  size  and  to 
deal  with  electronic  noise,  thus  reducing  the  impact  of  random 
errors  on  the  accuracy  of  the  measurements.  Image  smearing  is 
sometimes  present  in  DPIV  data  and  not  accounted  for,  when  the 
CCD  sensor  dimensions  are  not  matched  by  the  image  grabber 
(commonly  a  312  by  312  grabber  is  used  while  the  image  is 
sensed  by  a  768  by  376  pixels  array).  The  description  of  how 
the  absolute  position  of  the  frame  of  reference  can  be  accurately 
described  is  split  into  two  distinct  parts: 

The  first  part  involves  the  calibtation  of  the  solid  state  cameras 
to  suit  the  (fynamic  range  and  ensure  that  their  light  response  is 
identical.  This  is  achieved  with  the  help  of  a  Baum  chart  and 
USAF1931  resolution  chart  This  stage  is  of  crucial  imptntance, 
if  grey  level  information  is  to  be  used  in  the  data  analysis  stage. 
Thus,  although  some  authors  consider  the  use  of  digit^  cameras 
in  PIV  to  be  merely  an  extension  of  the  technique,  if  grey  level 
information  is  also  of  interest  mote  general  solid  state  informa¬ 
tion  and  calibtation  is  required.  The  determining  factor  is  the 
effective  number  of  grey  tevels  employed  (or  in  other  words  the 
contrast).  Therefore,  to  tailor  the  dynunic  range  of  the  cameras 


to  the  experimental  light  conditions  yields  large  improvements 
in  accuracy. 


The  second  part  consists  of  placing  an  England  finder  and  taking 
a  picnite  with  the  stereo  PIV  arrangement  An  England  finder  is 
a  graticule  comaming  labeled  squares  of  1mm  by  Ittun  which 
are  each  split  imo  four  rtrgions  arid  contain  the  square  label  in  an 
iimer  circle.  From  these  images,  it  is  possible  to  make  a  first 
attempt  at  reconciling  aU  views  of  the  finder,  using  the  measured 
pararneters  of  location  and  distances  of  the  cameras  to  region  of 
interest  et  cetera.  In  the  ideal  case,  if  no  errors  were  ptes^ 
these  would  result  alter  a  transformation  to  a  common  viewing 
point  in  identical  images  being  formed  from  all  cameras.  How¬ 
ever,  this  is  in  general  not  the  case.  Therefore,  various  charac¬ 
teristics  of  the  images  ate  used  to  minitnize  these  errors  and 
produce  corrected  estimates  which  can  locate  the  frame  of  refer¬ 
ence  witii  a  high  degree  of  accuracy.  The  chosen  common 
viewing  point  is  given  by  a  plane  orthogonal  to  the  light-sheet  at 
the  average  focal  distance  of  the  viewing  cameras. 

The  technique  consists  of  using  a  non-linear  NeUer-Meade 
approach  to  estimate  errors  due  to  rotation  about  the  X  arxl  y-axis, 
spiral  FFTs  to  estimate  rotation  of  one  camera  with  respect  to  the 
other  (about  the  z-axis)  and  England  finder  image  tatios/labels 
to  estimate  translations. 

The  system  was  successfully  tested  at  the  new  Warwick  Univer¬ 
sity  transonic  blowdown  facility;  using  an  England  finder  as  the 
reference  image.  The  translation  error,  after  software  conection, 
in  the  X  and  y-direction  was  limited  to  no  mote  than  1  pixel  for 
translations  of  up  to  30  pixels.  The  error  for  translations  in  the 
z-direction  is  shown  in  Rgure  1.  On  the  other  hand,  the  rota¬ 
tional  errors  measured  in  pixels  versus  degrees  are  shown  in 
Figures  2  and  3.  IHgute  3  shows  the  errors  due  to  rotation  ritout 
the  y-axis  (the  errors  (hie  to  rotation  about  the  x-axis  being 
identical)  between  0  and  30°  using  a  non-linear  Nelder-Meade 
algorithm,  which  are  shown  to  be  2.3  pixels  at  30P.  Lastly, 
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Figuie  3  shows  the  eiiors,  using  the  spiral  FFT  technique, 
between  0  and  43°.  with  a  maximum  error  of  1  pixel  at  43°. 

The  whole  process  is  involved  and  time  consuming  but  can  be 
adapted  to  virtually  any  set  of  test  conditions.  Thus,  the  price 
paid  for  this  increase  in  accuracy  in  PIV  measurements,  is  a 
somewhat  longer  and  rigorous  setup  stage  before  measurements 
ate  actually  taken.  A  new  software  package  to  automatically 
carry  out  corrections  to  the  initial  estimates  on  the  basis  of  the 
image  information  is  currently  under  further  development  so  it 
can  be  integrated  with  the  existing  PIV  software.  The  main 
advantage  of  such  an  approach  is  that,  particularly  in  an  industrial 
environment,  it  is  often  not  possible  to  make  physical  measure¬ 
ments  with  great  accuracy;  given  the  facilities  and  time  available. 
Therefore,  a  second  corrective  stage  afterwards  makes  possible 
highly  accurate  PIV  measurements;  even  in  hostile  industrial 
conditions. 


Figures 


5.  PIV  image  processing  using  APWIn 

The  objective  of  image  processing  is  to  automatically  produce  a 
velocity  vector  field  ftom  the  digitized  particle  field.  The  di¬ 
gitized  particle  field  analyzed  by  APWin  is  a  binary  image.  The 
images  contain  several  features  which  need  to  be  separated 
without  ambiguity.  These  being: 

•  Images  of  the  paired  particles. 

•  Single  unmatched  particles. 

•  Glare  from  lasm’  light  reflection. 

•  Noise. 

The  processing  must  identify  the  spacing  of  the  paired  particles 
and  translate  them  into  velocities.  The  predomirumt  view  to  date 
has  been  to  process  the  data  after  a  transformation  into  the 
frequency  domain.  The  alternate  perspective  developed  in 
APWin  has  been  to  process  the  information  directly  in  the  spatial 
domain. 

APWin  is  a  computer  program  which  is  the  result  of  a  long  period 
of  research  directed  towards  the  automatic  extraction  of  particle 
image  data  from  stored  digital  images.  A  direct  spatial  digital 
processing  method  was  adopted.  This  approach  was  taken  after 
reviewing  the  work  of  Goss,  1989.  The  particle  data  at  transonic 
speeds  tends  to  be  sparse,  which  makes  the  processing  of  indi¬ 
vidual  particles  far  more  attractive  than  the  global  processing 
usually  applied  to  low  speed  flows.  There  are  several  significant 
advantages  of  working  with  a  direct  image  as  opposed  to  the 
more  conventional  Fourier  domain  approaches  of  Adrian.  1985: 

•  The  frequency  technique  suffers  in  comparison  to  the 
spatial  technique  from  a  high  computational  overhead. 
This  haixlicap  has  been  addressed  by  some  authors,  for 
instance  Prasad  et  al  ( 1 992),  in  an  attempt  to  gain  speed 
by  lowering  the  resolution  and  the  accuracy  of  the 
measurements. 

•  The  spatial  domain  allows  the  use  of  well  developed 
image  processing  algorithms. 

•  The  particle  image  field  can  be  very  quickly  reduced  to 
a  sparse  array  of  data  points.  Thus,  instead  of  the 
intensive  processing  of  large  digital  images,  typically 
of  the  size  of  8  to  20  Mbytes;  the  data  is  reduced  to  a 
single  of  30  to  100  kbytes  vector  representing  the 
particle  field. 

•  The  frequency  technique  also  requites  that  the  out-of¬ 
plane  motion  of  the  seeding  particles  should  be  small 
compared  to  the  thickness  of  the  illuminating  light 
sheet  (large  displacement  tends  to  decrease  the  corre¬ 
lation  amplitude  as  shown  by  Adrian  1988).  The  suc¬ 
cessful  interrogation  of  a  3DPIV  picture  through  the 
frequency  approach,  is  limited  by  the  constraint  that  the 
particles  should  not  move  nxire  than  30%  of  the  light 
sheet  thickness  between  exposures  (Keane  &  Adrian, 
1990).  The  maximum  attainable  out-of-plane  particle 
displacement  being  about  1/4  the  thickness  of  the  light 
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sheet  (Gauthier  et  al.  1988).  Therefore,  the  dyiuunic 
range  of  velocities,  available  with  the  frequency  tech¬ 
nique,  is  drastically  reduced  compared  to  the  spatial 
approach. 

•  By  viewing  the  particle  data  individually,  the  user  has 
a  direct  image  of  the  particle  field,  whereas  the  FFT 
approach  presents  a  more  ambiguous  global  vie  w  of  the 
data.  That  is  to  say,  it  is  unable  to  yield  small-scale 
results,  as  the  results  obtained  are  local  averages  repre¬ 
senting  the  observed  velocity  field  (Adrian,  1988).  In 
some  cases,  such  as  wakes  and  boundary  layers,  where 
seeding  is  notoriously  difficult  to  inject,  limited  indi¬ 
vidual  particle  data  can  yield  useful  information. 

•  In  making  such  a  large  data  reduction  it  is  then  possible 
to  apply  very  intensive  ptocessing  to  evaluate  the  in¬ 
formation. 

An  automatic  spatial  analysis  strategy  has  been  evolved  to  deal 
efficiently  with  the  sparse  data  fields  encountered.  Aimed  at 
reducing  the  effect  of  ambiguity  in  particle  pairing,  and  accom¬ 
modating  the  changing  flow  directions,  this  strategy  incorporates 
the  following  steps  in  an  iterative  fashion  until  no  new  pairs  ate 
encountered. 

•  Initial  particle  pairing. 

•  Ambiguous  pair  recognition. 

•  Setting/updating  a  velocity  and  direction  range. 

•  Removal  of  background  flare  and  noise. 

•  Final  particle  sorting. 

6.  Out-of-plane  Velocity  Measurement 

The  use  of  the  stereo  approach  enables  the  measurement  of  the 
relative  velocities  within  the  region  of  interest  illuminated  by  the 
light  sheet  Two  stereoscopic  conflgurations  can  be  used.  The 
angular  method  has  the  optical  axis  of  both  cameras  intersect  the 
illuminated  field  containing  some  angle  thereby.  The  translation 
method  has  the  optical  axis  of  both  viewing  cameras  parallel  to 
each  other  and  perpendicular  to  the  light  sheet  According  to 
Gauthier  &  Reithmuller  (1988),  the  angular  displacement 
method  is  more  accurate.  However,  the  required  depth  of  field 
is  larger  than  in  the  translation  method.  For  a  given  magnifica¬ 
tion,  a  large  depth  of  field  can  only  be  obtained  by  increasing  the 
f-number,  i.e.  decreasing  the  light  sensed  by  the  CCD  array.  This 
is  also  a  limitation  on  the  widest  practical  angle  between  the 
cameras.  In  practical  applications  such  as  tuibomachinery,  the 
area  of  interest  (bound^  layer,  wakextc.)  is  generally  quite 
small  in  absolute  terms.  This  fact,  coupled  with  the  need  for  a 
realistic  stand-off  distance  using  diffraction-limited  optics, 
means  that  only  the  angular  method  can  be  reliably  used  yielding 
a  meaningful  overlapping  area. 

The  3D  approach  allows  the  measurement  to  be  more  accur^ 
than  previous  two-dimensional  estimates.  Tc  illustrate  this  con¬ 
cept,  consider  Figure  4.  This  shows  a  typical  particle  pair  Xi 
and  X2.  Oi,  O2  and  O3  represent  three  viewing  positions  with 
Oi  perpendicular  to  the  light-sheet  (referred  to  as  the  on-axis 


view)  and  with  02,  Os  symetrically  displaced  about  the  centre  of 
the  interrogation  area  (off-axis  views).  Consequently  using 
simple  trigonometry  the  following  relationships  can  be  derived: 


d  =  h  cos  9 

d\=h  cos{<p-B) 

d\  cos(<p-8) 
d  ~  C0S9 

where  d  is  the  magnitude  of  the  normal  from  X2  to  X|Oi  (i.e.  the 
shortest  distance),  h  is  the  shortest  distance  between  the  two 
particles  at  Xi  arid  X2, 9  is  the  angle  between  X1X2  and  X2A, 
9  is  the  angle  between  the  two  observation  points  and  the 
perpendicular  to  the  light-sheet.  Therefore, 
di-t/.cos(9) 

*  sin(9) 

where  X  is  the  magnitude  of  X|A;  i.e.  the  required  depth 
parameter. 

For  calibration  purposes,  an  England  finder  graticule  of  1  Inch 
by  3  Inches  is  u^  as  it  provides  accurate  and  detailed  informa¬ 
tion;  which  can  be  us^  for  absolute  position  estimation,  as 
previously  described,  and  PIV  scaling. 


Figure  4  Schematic  diagram  for  3D  velocity  estimation 


7.  Relative  Poeition  Eetimation 

Once  initial  results  were  obtained  it  became  clear  that,  given  the 
high  errors  in  the  out-of-plane  direction,  the  stereoscopic  ap¬ 
proach  to  PIV  would  remain  inpractical  unless  a  way  was  fourid 
to  increase  the  accuracy  in  the  z-direction. 

One  way  to  increase  the  accuracy  in  general,  is  of  course  to 
increase  the  angle  subtended  by  the  two  cameras.  However,  this 
is  often  not  possible  in  real  applications  as  facilities  have  to  be 
adapted  to,  which  often  were  not  particularly  designed  for  vis- 
ualiution  purposes,  the  depth  of  field  requinKl  increases  as  the 
angle  incteases(  leading  to  less  photons  falling  on  the  imaging 
sensor),  and  are  further  restricted  by  the  need  for  simplicity  and 
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Figure  5  PIV  image  of  a  field 


economy.  Furthermore,  as  the  angle  increases  the  absolute 
spatial  errors  also  increase:  thus  denying  some  of  the  increase  in 
accuracy. 

As  mentioned  earlier,  the  spatial  approach  to  PIV  has  as  one  of 
its  advantages  the  ability  to  apply  fairly  intensive  processing  to 
the  PIV  pairs  found;  thanks  to  the  large  data  reduction  involved. 

Now.  a  digital  image  is  a  spatial,  intensity  and  temporal  quan¬ 
tized  representation  of  a  real-world  scene.  The  precise  repre¬ 
sentation  of  position  is  critical  to  the  successful  extraction  of 
velocity  data  from  a  PIV  image.  For  a  solid  state  approach  to 
PIV  to  approach  the  precision  of  a  photographic  image,  accurate 
sub-pixel  position  estimates  are  necessary.  Without  such  an 
approach,  the  large  number  of  required  digital  images  present 
currently  un-surmountable  problems  of  registration  and  data 
volume  and  throughput. 

Studies  on  the  nature  of  digital  images  rarely  take  specific  notice 
of  the  effects  and  opportunities  offered  by  intensity  quantization. 
Normally,  only  spatial  quantization  is  considered;  though  occa¬ 
sionally  the  strong  effect  which  the  number  of  bits  per  pixel  has 
is  recognized.  A  full  description  of  the  combing  effects  of 
spatial  and  intensity  quantization  has  been  reported  (A.M. 
Bruckstein.  1987  for  instance)  but  in  a  statistics  context  and 
without  regard  to  the  geometry  or  specific  image  content. 

In  view  of  this,  an  approach  is  currently  being  developed  based 
on  the  concept  of  position  equivalence  classes,  referred  to  as 

"locales",  and  first  developed  by  D.  Havelock  (1989).  Some 


independence  from  image  form  is  attained  by  considering  a 
general  gray  scale  shape.  A  natural  consequence  of  the  concept 
is  the  definition  of  an  optimally  precise  position  estimate  given 
by  the  centroid  of  the  locale.  It  can  thus  be  shown  that  useful 
dynamic  range  is  far  more  important  than  pixel  size  for  obtaining 
geometric  precision  when  data  volume  is  constrained.  Further¬ 
more.  it  can  also  be  shown  that  the  best  way  to  allocate  spatial 
and  intensity  resolution  for  a  digitizing  scheme  subject  to  data 
volume  constraints  is  to  allow  only  enough  spatial  resolution  for 
effective  detection  and  recognition  and  employ  all  remaining 
data  capacity  to  maximize  the  available  intensity  resolution. 

Typically,  if  the  irradiance  is  given  by: 


where  P  is  the  input  power,  the  beam  diameter  is  given  conven¬ 
tionally  by  d=4<j,  which  means  that  over  the  interval  con- 
sidered(()<r<2o)  only  86%  of  the  power  is  contained.  The  rest 
provides  stray  illumination  and  leaks  through  the  diffraction 
limited  optics  to  lower  the  contrast.  Thus,  the  CCD  cameras  have 
to  be  mned  to  the  prevailing  light  conditions  to  yield  the  greatest 
available  contrast. 

Turning  now  to  the  application  of  this  concept  to  PIV.  a  fairly 
realistic  representation  of  the  image  of  a  particle  (assuming  it  is 
spherical)  can  be  provided  by  a  Gaussian  form. 

-  ((j-t..)'  ■»- 

E{x.y)=Ae 


Figure  7  Gaussian  form  dependence  on  position 


This  technique  has  two  nu^  advantages.  Firstly,  it  provides 
three  measures  for  the  z-component  Two  from  the  A/o  ratio 
from  each  image  in  a  stereo  case,  and  the  third  from  triangulation. 
Just  as  importantly  though,  it  provides  a  wav  in  which  these 
relative  velocity  measurements  can  be  related  to  an  absolute 
frame  of  reference.  The  depth  ratio  will  exhibit  a  maximum 
where  the  panicle  is  in  line  with  the  focal  length  of  the  lens,  and 
will  then  tail  off  as  a  particle  moves  in  from  or  behind  this 
position.  Thus,  the  system  has  a  symetry  about  this  focal  len^ 
leading  to  an  ambiguity  in  the  measurement  of  the  depth  ratio. 
In  order  to  account  for  it.  triangulation  needs  to  be  used  as  well. 
Thus  if  a  particle  pair  lies  in  a  equidistant  positions  from  this  axis, 
the  ratio  will  be  equal  but  triangulation  will  show  one  to  lie  ahead 
of  the  other,  thus  enabling  the  data  to  be  unscrambled. 

Ortgnipardoi 


The  particle  image  is  located  at  (xoj'o).  The  Amplitude  A  and 
width  o  ate  the  only  parameters  of  its  circularly  symetric  shape. 

Many  algorithms  can  be  found  to  estimate  the  position  of  the 
centre  of  this  object  For  instance,  a  centroid  estimate  gives  the 
correct  answer  in  the  absence  of  noise  and  quantization.  In  the 
presence  of  spatial  quantization  there  appears  a  skew  error  which 
can  be  accounted  for  in  a  unique  mapping.  In  the  presence  of 
intensity  quantization,  as  is  normal  for  digital  images,  there  is 
not  a  unique  but  a  set  of  possible  object  positions.  These  regions 
are  referred  to  as  locales  and  their  size  determines  the  uncertainty 
in  object  position.  There  is  no  equivalent  situation  in  non-digital 
imagery. 

With  reference  to  the  schematic  diagram  in  Figure  7.  it  is 
possible  to  establish  what  these  two  parameters,  A  and  width  o. 
in  turn  depend  on. 

Note  that  in  order  to  simplify  the  discussion,  the  centre  of  the 
Nu,  I  AG  sheet  and  the  centre  of  of  focus  ate  made  co-incident 
and  the  depth  of  view  is  made  somewhat  larger  than  the  width 
of  the  light  sheet.  Thus,  the  amplitude  can  be  seen  to  depend  on 
the  z-position  of  the  particle  and  vary  according  to  the  change  in 
intensity  of  Che  laser  over  the  ctepth  of  Che  region  of  interest  On 
the  other  hand,  a  varies  approximately  linearly  according  to  the 
z-position  in  relation  to  the  position  of  focus.  This  focal  length 
can  be  quite  accurately  calculated  for  a  given  objective  in  die 
case  of  the  K2  diffraction  limited  optics.  As  the  particle  moves 
out  of  focus,  so  a  will  vary.  Thus  if  the  ratio  of  A/o  (referred  to 
as  the  depth  ratio)  is  considered,  it  is  directly  and  linearly  related 
to  the  focal  position. 
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Figure  6  MATLAB  plots  of  a  particle  pair  in  grey  scale 


The  system  can  be  calibrated  by  plotting  all  the  depth  ratios  and 
finding  the  maximum;  which  is  the  frame  of  reference  as  it  is 
co-incident  with  the  focal  length.  The  relationship  between  the 
depth  ratio  and  absolute  depth  can  also  be  ascertained  from  this 
plot  by  introducing  the  wirlth  of  the  ligh-sheet  and  thus  deduce 
the  scaling  factor.  The  potential  accuracy  of  this  approach  has 
been  estimated  at  20-30|iJn  in  all  three  directions.  This  is  arrived 
at  by  considering  an  effective  grey  level  dynamic  range  of 
lOO-lSO  grey  levels,  and  assumes  that  all  parameters  have  been 
estimated  by  the  use  of  REGISTER  as  previously  discussed. 

Preliminary  results  are  shown  in  Figures  S  and  6.  A  paiticle 
pair  was  obtained  from  the  data  field  shown  on  Figure  S;  this  is 
a  PIV  image  of  a  wake  at  1.2  Mach  shot  at  the  ILPC  transient 
facility  of  DRA  Pyestock.  A  pair,  highlighted  in  the  image,  was 
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rigure  8  MATLAB  plots  of  overlapping  pair  in  grey  scale 


plotted  to  confirm  the  broad  nature  of  the  particle  images.  The 
two  particle  positions  were  then  calculated  to  sub-pixel  accuracy 
by  a  combination  of  data  intensity  calculations  and  depth  ratio 
estimates;  as  shown  in  Figure  6.  This  new  estimates  were  in 
agreement  with  the  previously  calculated  data.  The  estimated 
accuracy  was  in  the  order  of  40pm;  an  improvement  on  previous 
estimates  but  not  as  high  as  can  be  expected.  The  software, 
currently  implemented  in  MATLAB.  makes  use  of  the  output 
from  APWin  to  provide  an  initial  estimate  of  particle  position 
and  pair  velocities,  which  is  then  improved  upon  by  Ae  abo- 
vementioned  techniques.  Further  research  is  currently  under 
way  to  fully  automate  the  process,  include  it  in  the  APWin 
environment  and  gain  more  experience  with  both  the  locales 
approach  to  sub-pixel  estimation  and  the  statistical  properties 
and  experimental  characteristics  of  the  depth  ratio  approach 
previously  described. 

Two  further  advantages  of  this  approach  ate  that  normally  some 
astigmatism  is  ^  .esent  in  the  particle  data.  This  can  be  removed 
by  applying  the  techniques  d^ribed.  Secondly,  particles  which 
ate  close  together  and  would  normally  be  erroneously  interpreted 
as  one  can  be  recognized  and  tremed  correctly,  as  shown  in 
Figure  8,  where  such  a  case  is  shown.  The  bounds  of  the  depth 
ratio  are  defined  by  the  power  profile  on  the  lightsheet,  the 
particle  size  and  shape,  arid  by  the  prevailing  light  conditions. 
Therefore,  particle  of  a  different  size  and/or  shape  to  those 
representing  the  seeding  can  be  recognized  and  treated  accord¬ 
ingly.  Thus,  the  presence  of  stray  particles  in  the  flow  does  not 
influence  the  analysis. 


The  accurate  measurement  of  relative  velocity  in  three  dimen¬ 
sions  presents  some  formidable  problems,  in  particular,  the 
whole  approach  requires  the  centre  of  focus  to  lie  within  the  light 
sheet  This  has  proven  to  be  particularly  difficult  in  industrial 
applications.  A  relible  way  to  overcome  this  problem  has  been 
to  make  use  of  an  oscilloscope  to  focus  rather  than  sight  The 
locales  approach,  while  more  accurate  than  centroid  estimation 
or  Fourier  phase  estimation,  is  still  under  active  developmou. 
Calibration  of  the  cameras  so  they  ate  not  saturated  at  the  focal 
length  and  other  calibration  requirements  mean  that  although  the 
accuracy  is  increased,  the  complexity  in  petforrtung  these  experi¬ 
ments  also  increases. 

8.  Conrilusions 

The  »;xhniques  described  deal  first  of  all.  with  the  successful 
determination  of  absolute  co-ordinate  information,  in  an  indus¬ 
trial  environment,  to  an  accuracy  of  -»/-  2  pixels  for  the  experi¬ 
ments  descr'ibed.  This  approach  involves  a  second  corrective 
software-implemented  corrective  stage,  after  all  parameters  have 
been  physic^y  measured. 

Secondly,  the  grey  level  information  was  employed  to  provide 
an  estimate  of  the  three  dimensional  relative  position  with  an 
accuracy  of  40pin.  The  relative  and  absolute  position  estimates 
could  then  be  combined. 

Three  dimensional  measurements  of  the  particle  pairs  were 
successfully  accomplished  and  so  3D  velocities  were  estimated. 
The  software  package  APWin  was  employed  to  obtain  the  vel¬ 
ocity  information.  A  further  program  was  used  to  plot  and 
estimate  the  three  dimensional  position  of  the  particle  pairs 
found,  exploiting  not  only  triangulation  but  also  grey  level 
information.  Lastly,  the  technique  was  extended  to  allow  for  the 
recognition  of  close  overlapping  particle  pair  data  and  the  remo¬ 
val  of  astigmatic  effects.  The  development  of  these  techniques, 
and  the  measurements  obtained,  mean  that  the  short  term  target 
of  achieving  1%  accuracy  for  3DPIV  measurements  at  high 
speeds,  for  complex  unsteady  flow  turbomachinery  applications, 
is  now  possible. 

9.  Acknowledgements 

The  authors  gratefully  acknowledge  the  support  of  DRA  Pyes- 
tock  through  Mr.  K.S.  Giarui  in  funding  part  of  this  research. 

lOReferences 

Goss,  L.P.  et  al,  'A  novel  technique  for  blade-to-blade  velocity 
measurements  in  a  turbine  cascade”  AIAA/ASME/SAE/ASEE 
25th  Joint  Propulsion  Conference,  Monterrey  CA  July  10-12, 
1989. 

Adrian.  RJ.  &  Yao,  C.,  "Pulse  laser  technique  application  to 
liquid  and  gaseous  flows  and  the  scattering  power  of  seed 
materials".  Applied  Optics,  Vol.  24  Nol  Jan,  1985. 

Adrian  R.J.,  "Statistical  properties  of  particle  image  velocimetry 
in  fluid  Mecharucs-III”,  Ladoan-lnstituto  Superior  Tecruco,  Lis¬ 
bon,  pp.  115-129, 1988. 

Brooks,  A.J.  et  al,"  The  Isentropic  Light  Piston  Cascade  at  RAE 
Pyestock"  AGARD-CP-390, 1985. 

Malyak,  P.  H.,  &  Thompson.  B.  J.  ‘Particle  displacement  and 
velocity  measurementusing  holography', Opt.  Eng.  23  (5),  1984, 
567-576 


35.7.7. 


Ewan.  B.  C.  R.  ‘Particle  velocity  distribution  measurement  by 
holography’,  Appl.  Opt.  18  (18),  1979, 3156 


Turbine  &  Aeroengine  Congiess,  Oilando,  Florida,  USA,  June 
3-6  1991 


Payne,  P.  R.,  Carder.  K.  L.,  Steward,  R.  G.  ‘Image  analysis 
techniques  for  holograms  of  dynamic  oceanic  particles’.  Appl. 
Opt.,  23  (2).  1984, 204 

Hassan.  Y..  Blanchat,  T.  ‘Flow  velocity  measurements  using 
digital  pulsed  laser  velocimetiy’.  Opt.  Eng.,  30  (8),  1991, 1220 

Sinha.  S.  K..  Kuhlman,  P.  S.  ‘Investigating  the  use  of  stereos¬ 
copic  particle  streak  velocimetiy  for  estimating  the  three-dimen¬ 
sional  voiticity  field’.  Exp.  in  Ruids,  12. 1992, 377-384 

Weinstein.  L.  M.,  Beeler,  G.  B.,  Lindemann,  A.  M.  ‘High-speed 
holocinematographic  velocimeter  for  studying  turbulent  flow 
control  physics’,  Proc.  AIAA  Shear  Row  Control  Conf.,  paper 
AIAA-85-0526,  Boulder.  Col.,  USA.  March  1985 

A.M.  Biuckstein."On  optimal  image  digitization’’,  1FF.F.  Trans. 
Acoustic  Speech,  Signal  Processing,  vol.  ASSP-35,  pp.  553-555, 
Apr.  1987. 

Bryanston-Cross.  P.J.,  Funes-Gallanzi,  M.,  Quan,  C.  &  Judge, 
T.R.."HoIographic  particle  (mage  Velocimetry",  Optics  &  Laser 
Technology,  Vol.  24,  No.  5, 1992. 

Bryanston-Cross,  P.J.,  Epstien,  A.  ‘The  application  of  sub¬ 
micron  particle  visualization  for  PTV  (Particle  Image  Velocim¬ 
etry)  at  transonic  and  supersonic  speeds’,  Prog  in  Aerospace  Sci. 
27. 1990, 237 

Bryanston-Cross.  P  J.,  Harasgama.  S.  P.,  Towers,  C.  E.,  Towm, 
D.  P.,  Judge.  T.  R.,  Hopwood,  S.  T.  ‘The  Application  of  Particle 
Image  Velocimetry  (PIV).  In  a  Short  Duration  Transonic  Annu¬ 
lar  Turbine  Cascade',  Submitted  to  the  American  Society  of 
Mechanical  Engineers,  for  the  36th  ASME  International  Gas 


Meynait,  R.  ‘Equal  Velocity  Fringes  in  a  Raleigh-Bemard  Flow 
by  a  Speckle  method’,  Appl.  Opt.,  19, 1980, 1385 

HJ.  (Zaufield,  (ed.),  ’’Handbook  of  Optical  Holography",  Aca¬ 
demic  Press,  New  York,  1979. 

I.  W.  Goodman,  "Introduction  to  Fourier  Optics”,  McGraw-Hill, 
New  York,  1968. 

E.  Hecht,  "Optics",  Addison-Wesley,  2nd  ed.,  1987. 

M.A.  Karim,  "Electro-Optical  Devices  and  Systems",  FWS- 
Kent,1990 

Gauthier  V.  &  Reithmuller  M.L.,  Application  of  PIDV  to  com¬ 
plex  flows:  Measurement  of  the  third  component  In  VKI-LS 
1998-06  "Particle  Image  Displacement  Velocimetiy",  Von  Kar- 
man  Institute  for  Ruid  Mechanics,  Rhode-Saint-Genese  (Bel¬ 
gium),  1988. 

A.K.  Prasad.  R J.  Adrian,  C.C.  Landreth  &  P.W.  Offim.  "Effect 
of  resolution  on  the  speed  and  accuracy  of  particle  image  veloc- 
imetry  interrogation",  Exp.  in  Ruids,  13. 105-116, 1992. 

A.K.  Prasad  &  R.J.  Adrian,  "Stereoscopic  particle  image  veloc- 
iiiMiy  applied  to  liquid  flows",  Exp.  Ruids,  15, 49-60, 1993. 

Schultz,  D.L.  and  Jones.  T.V.,"Heat  transfor  measurements  in 
short  duration  hypeisonic  faciIities”AGARD-AG-165, 1973. 

R.D.  Keane  &  RJ.  Adrian,  "Optimization  of  paiticle  image 
velocimeters”.  Part  I;  Double  pulsed  systems.  Meas.  Sci.  Tecb- 
nol.  1, 1202-1215, 1990. 


35.7.8. 


Session  36. 
Engines  II 


SIMULTANEOUS  MEASUREMENT  OF  INLET  FLOW  AND  VALVE  MOTION 
IN  INTERNAL  COMBUSTION  ENGINES  BY  LASER  DOPPLER  TECHNIQUES. 


N.Paonc,  C.Saninlini.  E.P.Tomasini. 


Dipanimento  di  Mcccanica.  Univ.  di  Ancona. 
60131  Ancona,  iialia. 


ABSTRACT. 

» 

The  paper  describes  the  development  of  a  test  bench  in 
which  a  laser  Doppler  vibrometer  and  a  laser  Doppler 
velociineter  are  employed  for  simultaneous  measurement  of 
valve  motion  and  flow  velocity  in  an  internal  combustion  engine 
head.  The  test  bench  and  the  measurement  system  and 
methodology  are  presented;  optical  access  was  obtained  inside 
the  cylinder  through  iLs  transparent  walls  and  inside  the  intake 
manifold,  by  specially  designed  optical  windows.  Measurements 
are  taken  at  different  camshaft  angular  speed,  up  to  a  regime  in 
which  jumps  and  bounces  of  the  valve  occurr. 

1.  INTRODUCTION. 

At  present  the  experimental  study  of  inlet  flow  in  a 
combustion  engine  is  not  canied  on  simultaneously  to  the 
measurement  of  valve  motion:  the  two  activities  arc  performed 
independently  and  correlated  to  each  other  by  synchronising  the 
acquisition  systems  to  the  camshaft  angular  position  6  via  an 
encoder.  If  both  measurements  could  be  performed 
simultaneously  it  would  be  possible  to  study  in  detail  even  some 
anomalous  bchavioirs  of  the  poppet  valve,  like  jumps  and 
bounces  at  high  rpm.  and  to  u.xpcrimcnlally  observe  their  effect 
on  the  flow  Ticld  inside  the  engine.  In  order  to  perform  such  an 
analysis  it  has  been  developed  a  measurement  system  ba.scd  on 
optical  instruments,  capable  of  simultaneous  measurement  of 
valve  motion  and  air  velocity  on  motored  engine  heads. 


2.  EXPERIMENTAL  SET-UP  AND  MEASUREMENT 
METHOIX)LOCY. 

A  test  bench  has  been  developed  which  allows  to  drive  the 
camshaft  and  the  valve  train  of  an  internal  combustion  engine  at 
vartabic  speed  by  an  AC  electric  motor  controlled  by  an  inverter. 
Camshaft  is  driven  by  a  pulley  and  belt  transmission,  similar  to 
that  normally  employed  when  the  head  is  installed  on  a  real 
engine.  The  engine  head  of  a  FIAT  4  cylinder  1.6  I  engine  is 
installed  on  a  plexiglass  cylinder  connected  to  a  settling 
ehamber;  inlet  flow  is  generated  by  a  centrifugal  compressor 
connected  to  the  settling  chamber  and  to  the  cylinder.  Flow  rate 
is  monitored  by  a  Venturi  pipe  and  it  can  be  adjusted  by  a  by¬ 
pass  valve  at  the  intake  of  the  compressor.  A  complete  inlet 
manifold  is  installed  on  the  engine  head,  without  air  niter.  Fig.  1 
shows  a  scheme  of  the  test  bench. 


The  measurement  system  is  completely  based  on  optical 
instruments  which  employ  the  Doppler  effect  on  light  beams 
scattered  by  moving  objects;  a  classical  fiber  optic  two 
component  differential  laser  Doppler  velocimetcr  is  used  for 
flow  velocity  measurements,  while  a  Tiber  optic  laser  Doppler 
differential  vibrometer  is  used  to  measure  independently  the 
displacement  and  the  velocity  of  the  poppet  valve.  Crosstalk 
between  the  two  optical  instruments  is  avoided  by  employng 
different  wavelength  in  the  laser  radiation  of  each  of  them.  In 
particular,  tlie  laser  Doppler  vibrometer  operates  with  a  5  mW 
He-Ne  laser  source  while  the  laser  Doppler  vclocimeier  operates 
with  a  4  W  Ar"*"  ion  laser.  Much  lower  power  is  needed  for  a 
laser  Doppler  vibrometer  compared  to  a  laser  Doppler 
velocimeter  for  flow  velocity  measurement:  in  fact  the  laser 
vibrometer  operates  with  light  scattered  from  a  solid  swface. 
which  is  orders  of  magnituie  more  intense  than  light  scattered 
from  small  tracer  particles  within  a  moving  flow. 

The  instruments  are  synchronized  to  each  other  by  an 
encoder  on  the  camshaft  which  produces  720  or  1440  pulsc^rev 
and  a  reset  pulse  at  each  rotation  of  the  camshaft.  Data  are 
acquired  digitally;  it  is  therefore  possible  the  simultaneous 
measurement  of  valve  kinematics  and  flow  velocity.  Being  all 
probes  non-intrusivc.  it  is  possible  to  monitor  valve  velocity  and 
valve  lift,  without  disturbing  the  flow;  this  constitutes  the  major 
advantage  of  this  test  bench  over  classical  solutions,  where 
electromagnetic  proximity  probes  arc  inserted  downstream  the 
valve  to  monitor  valve  motion,  causing  flow  distorsion. 

The  test  bench  is  provided  with  transparent  windows  for 
optical  access  which  is  necessary  for  both  instruments. 

The  differential  laser  Doppler  vibrometer  shines  two 
parallel  beams  at  two  different  locations;  they  are  used  to 
measure  relative  motion  and  relative  velocity  between  the  two 
illuminated  points.  The  measurement  occurrs  by  etcrodyning  the 
two  scattered  radiations,  collected  by  a  backscatter  optical 
system  which  employs  the  same  monomodc  fibers  used  for 
bringing  ligih  to  the  measurement  locations.  Being  the  system 
equipped  with  a  40  MHz  Bragg  cell  on  one  of  the  two  beams,  the 
positive  or  negative  frequency  shift  on  the  Doppler  signal  is 
pro|X)riinna1  to  positive  or  negative  relative  velocity  between  the 
two  illuminated  points;  fringe  counting  can  be  used  to  measure 
independently  relative  valve  displacement.  Only  components  of 
motion  along  the  optical  axis  of  the  instrument  can  be  measured 
Scibach  ct  al.  (1W2).  Therefore  the  instrument  can  measure 
valve  motion  relative  to  the  engine  head  if  one  beam  is  focussed 
on  the  valve  head  and  the  other  is  focussed  on  valve  scat;  relative 
motion  measurements  are  important  in  order  to  subtract  engine 
licad  vibration  which  is  always  present  to  some  extent  in  any  test 
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bench  and  which  would  add  noise  ui  valve  motion  measurement, 
therefore  decreasing  uncertainty  as  discussed  in  Paunc  ct  al. 
(1994).  The  two  beams  must  be  aligned  parallel  to  valve  stem,  in 
order  to  measure  correctly  valve  motion.  In  order  to  shine  the 
beams  on  the  valve  and  on  the  head  it  is  necessary  an  optical 
access  from  the  bottom  of  the  engine  head;  this  is  accomplished 
by  the  construction  of  a  transparent  settling  chamber,  built  in 
perspex.  The  beam  which  points  on  the  valve  is  focussed  when 
the  valve  is  at  its  half  lift  position,  in  order  to  opiimirc  the 
response  of  the  instrument  when  valve  motion  brings  the 
measurement  point  out  of  focus  by  several  millimeters.  Reflected 
light  at  the  surfaces  of  the  perspex  window  cause  noise  which 
disturbs  the  measurements;  the  amount  of  light  diffused  by  these 
surface  to  the  sensing  heads  can  be  significantly  decreased  if 
beams  are  not  aligned  perpendicular  to  the  perspex  surface, 
which  acts  as  a  flat  mirror.  This  solution  keeps  signal  to  noise 
ratio  at  high  level. 

Optical  access  of  the  laser  Doppler  velocimcter  to  the  flow 
around  the  valve  is  achieved  by  the  same  iransp.'ircnt  settling 
chamber,  whose  dimensions  are  established  in  carder  to  use 
relatively  short  focal  lenses  on  the  fiber  optic  probe,  so  that 
probe  volume  dimensions  arc  kept  to  a  maximum  si/.c  of  0.64  x 
0.075  mm.  Access  from  the  settling  chamber  to  the  cylinder 
allows  measurement  of  radial  and  tangential  velocity 
cotn|X)ncnts.  in  order  to  measure  axial  flow  velocity  com(X>nem. 
a  iran.sparcnt  cylinder  is  installed  between  the  settling  chamber 
and  the  engine  head;  its  internal  diameter  is  h4  mm.  as  in  the  real 
engine.  Cylinder  is  manufactured  in  perspex,  and  it  is  3  mm 
thick,  therefore  refraction  correction  is  not  necessary  when 
measurements  are  taken  in  the  central  region  of  the  cylinder. 
Bicen  (1982). 

Special  attention  is  devoted  to  optical  access  to  the  inlet 
manifold  whose  diameter  and  whose  curvature  radius  arc  very 
small,  therefore  causing  problems  due  to  refraction  if  thick 
curved  windows  are  employed.  In  order  to  keep  the  internal 
shape  of  the  duct  unchanged  it  was  decided  not  to  employ  flat 
windows,  a.s  it  is  usually  done  in  mo.st  of  the  liicraitirc  known  to 
the  authors,  for  example  in  Arcoumanis  ct  al.  (1988).  Therefore 
it  was  decided  to  build  extremely  thin  optical  windows,  made  of 
plastic  transparencies,  which  arc  glued  inside  the  duct,  on  which 
a  hole  was  previously  drilled.  Optical  windows  having  Ml  mm 
diameter  were  built  by  using  this  technique,  and  glued  at  the 
internal  surface  of  the  inlet  duct,  a  pipe  whose  diameter  is  29 
mm.  Window  thickness  is  0.1  mm;  it  causes  therefore  a  step  on 
the  inner  wall  of  the  duct  whose  sir.c  is  much  smaller  than  the 
boundary  layer  thickness.  The  velocity  profile  should  not  be 
altered  by  such  disturbance.  The  thin  window,  when  glued  on  the 
duct  wall,  reproduces  the  curved  shape  of  the  duct  with  great 
accuracy.  All  these  considerations  on  optical  access  to  the  duct 
allow  to  conclude  that  intrusivity  of  the  mcastireiiient  technique 
is  kept  to  Its  minimum. 

inlet  flow  is  seeded  by  water  drofilets  produced  by  an 
atomizer  installed  in  proximity  of  the  air  intake,  upstream  the 
intake  manifold.  Mean  droplet  diameter  is  in  the  order  of  I  pm. 
which  is  sufficiently  small  for  the  water  droplets  to  follow  flow 
fluctuations  in  the  kHz  range,  therefore  they  are  suited  for 
measurements  of  intake  flow  with  low  uncertainty. 

3.  MEASUREMENTS  AND  DATA  PROCESSINC., 

3.1  Valve  Lift  Measurement. 

All  the  measurements  reported  in  this  paper  are  |x:rfornied 
while  the  valve  motion  is  being  monitored  by  the  Doppler 


vihromctcr.  which  is  f(K;useil  on  the  valve  head.  Fig.2  shows  the 
plots  of  valve  motion  acquired  at  three  different  camshaft 
regimes.  ne=10(8)+3,‘i(KL-42(8)  rpm.  corresponding  to  an  engine 
angular  speed  tif  20(X>+700()+84tK)  rpm  respectively.  In  what 
follows  all  angular  speeds  will  be  referred  to  the  camshaft.  It  is 
interesting  to  observe  die  differences  in  valve  motion  put  in  light 
by  the  three  plots.  While  al  IIKX)  rpm  the  valve  motion  is  fully 
determined  by  the  cam  profile,  at  higher  rpm  the  valve  loses 
contact  with  its  cam  during  the  deceleration  which  occurrs 
during  valve  lift,  then  moves  according  to  a  ballistic  motion 
under  the  effect  of  inertia  forces  and  spring  load;  this 
phenomenon  is  known  as  valve  jump.  At  3500  rpm  jump  is 
rather  small,  but  it  grows  up  to  ahtiiii  0  3+0.4  mm  at  4200  rpm. 
When  the  valve  returns  to  its  seat,  if  it  is  not  properly  decelerated 
by  the  cam.  it  impacts  on  valve  seal  and  then  rcbounces  due  to 
elastic  effccLs.  It  is  evident  al  4200  rpm.  where  a  bounce  of  about 
0.4  mm  can  be  measured.  The  height  of  the  bounce  is  a 
considerable  fraction  of  maxiiiiuni  valve  lift  and  in  this  situation 
the  inlet  duct  is  again  opened  towards  the  cylinder,  contrarily  to 
what  the  designer  of  the  valve  train  has  prescribed.  Such  valve 
behaviour  is  dangerous  in  terms  of  valve  resistance  and  could 
affect  also  inlet  fluid-dynamics.  Re.sulting  effects  of  valve 
bounces  on  the  flow  will  be  shown  in  the  next  paragraph. 

3.2  Mca.surenicnls  Inside  the  Cylinder. 

Mcasurciiienis  of  flow  velocity  have  been  performed  in  the 
cylinder  and  in  the  inlet  manifold;  only  few  results  will  be 
reported  in  this  paper,  whose  purpose  is  to  focus  on 
measurement  methodology.  Fig. 3  shows  an  example  of  results 
obtained  in  vicinity  of  the  valve  at  a  camshaft  speed 
nc=1000rpm.  with  maximum  valve  lift  hn,jjj»8.7mm  and  a  flow 
rate  M=6.5g/s.  All  figures  report  scattered  data  samples, 
superimposed  to  averaged  velocity  and  to  valve  lift.  About 
250(X)  radial  velocity  samples  arc  collected  while  the  valve  is 
moving;  radial  velocity  is  plotted  versus  encoder  pulses,  i.e. 
angular  position  of  the  camshaft.  A  large  number  of  samples  is 
acquired  when  the  valve  is  ojicn.  while  their  number  rapidly 
drops  at  the  closure  of  the  valve,  due  to  the  lack  of  seeding 
particles.  Velocity  data  can  be  averaged  over  selected  angular 
windows;  fig. 3  shows  averaged  data  superimposed  to  scattered 
samples.  Data  arc  averaged  by  using  a  1°  wide  angular  window. 
Data  rale  is  not  so  high  to  enable  cycle  to  cycle  analysis  of  the 
velocity  data,  therefore  averaged  velocity  profile  suffers  from 
uncertainty  due  to  cyclic  variations  in  the  flow  structure.  The 
amplitude  of  the  angular  window  employed  for  averaging  the 
data  has  to  be  chosen  as  coiiiproinisc  between  the  need  of 
averaging  a  number  of  data  slaiislically  mcaningfull  and  the 
necessity  to  limit  its  width  in  order  to  reduce  bias  induced  by 
averaging  process  on  non-stationary  phenomena.  Within  a  1“ 
window,  over  most  of  the  jicriod  during  which  valve  is  open, 
about  60  data  per  1°  arc  collected,  so  that  statistics  can  be 
considered  sufficient.  Number  of  collected  data  drops  when 
valve  closes  baecause  particles  do  not  enter  any  more  into  the 
cylinder  and  those  already  inside  the  cylinder  quickly  avaporaic, 
therefore  the  velocity  data  population  is  not  statistically 
mcaningfull;  this  causes  scatter  on  avearagd  data,  which  is  not 
due  to  flow  unsteadiness,  but  is  related  to  poor  statistics. 
Therefore  data  arc  mcaningfull  only  in  those  regions  where 
number  of  samples  is  statistically  sufficient,  while  averaged  data 
have  large  uncertainty  elsewhere.  Window  amplitude  A0  also 
affects  the  compulation  of  turbulent  vcltKity  fluctuations;  if  it 
increases,  turbulence  tipparenlly  is  increased  by  crank-angle 
bmadening  effects  in  all  regions  where  vcltKity  varies  rapidly. 
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Cycle  to  cycle  variations  also  aruricially  increase  computed 
turbulence  level.  All  these  problems  could  be  solved  if  data  rate 
was  sufficiently  high.  i.e.  If  tlic  flow  was  heavily  seeded.  This  is 
not  the  case  in  most  of  these  experiments;  inside  the  cylinder  in 
these  ex|ierimcnts.  The  plots  of  fig.  3  arc  typical  of  in-cylindcr 
inlet  fiow:  similar  velocity  profiles  arc  measured  at  different 
locutions  in  the  cylinder.  They  all  show  a  large  flow  acceleration 
and  deceleration  at  valve  openin..;  and  closure;  flow  acceleration 
is  evident  also  when  valve  is  fully  open,  probably  due  to  flow 
inertia.  Of  course  these  data  collected  in  a  lest  bench  in  absence 
of  a  moving  piston,  may  differ  from  operating  engines.  Being  the 
measurement  point  located  at  about  4  mm  from  valve  scat,  flow 
through  that  point  happens  only  when  valve  lift  is  larger  than  4 
mm. 

When  camshaft  regime  is  increased  at  3S00  rpm.  radial 
velocity  at  valve  exit  remains  similar  as  above,  as  shown  in  rig.4. 
At  this  speed  masts  flow  rate  is  M=9.5  g/s.  Again,  data  averaged 
over  a  1°  angular  window  arc  plotted  together  with  valve  lift. 
The  presence  of  valve  jump  docs  not  affect  significantly  the 
flow,  but  oscillations  in  air  velocity  can  observed. 
Measurements  of  inlet  flow  in  the  duct  upstream  the  valve  will 
show  same  kind  of  oscillations,  related  to  water  hammer 
phenomena  occurring  in  the  inlet  duct  at  valve  closure;  dumped 
oscillations  in  tlic  inlet  duct  propagate  downstream  the  valve  into 
the  cylinder. 

Fig.2  showed  large  bounces  at  42(X)  rpm:  in  fig.5  it  can  be 
observed  the  radial  velocity  measured  at  the  same  location  as  in 
figs.  3  and  4,  superimposed  to  averaged  valocity  and  to  valve  lift. 
Oscillations  arc  evident  also  at  this  regime  and  during  valve 
bounce  flow  seems  to  be  affected,  although  due  to  the  little 
number  of  data  available  mean  velocity  profiles  arc  scattered  and 
affected  by  large  uncertainty.  Effects  of  valve  bounces  will  be 
more  evident  inside  the  manifold. 

3.3  Measurements  Inside  the  Inlet  Manifold. 

Major  interest  has  been  devoted  to  the  measurements  of 
flow  velocity  profiles  inside  the  inlet  manifold. 

Axial  and  radial  velocity  profiles  arc  measured  at 
nc=100(h*-35()0<4200  rpm  rpm  along  a  diameter  of  the  inlet 
manifold  about  80  mm  upstream  the  inlet  valve;  1 1  points  per 
traverse  arc  sampled  and  25000  velocity  samples  per  point  arc 
collected.  Again,  only  a  few  results  will  be  reported  in  this  paper. 

Fig.6.  7  and  8  show  axial  velocity  measurements  at  the 
center  of  the  inlet  manifold,  plotted  versus  encoder  pulse  at  the 
three  camshaft  regimes  as  above.  Data  collected  during  several 
camshaft  revolutions  arc  stipcrimpo.scd.  Average  velocity  is 
computed  as  above  on  an  angular  window  A6=l°.  About  60 
velocity  data  per  1°  arc  recorded;  in  this  case  data  arc  recorded 
even  when  valve  is  closed,  because  seeding  particles  remain 
inside  the  inlet  duct.  Valve  lift  is  also  plotted. 

At  all  regimes  it  is  possible  to  observe  dumped  oscillations 
which  appear  at  valve  closure,  typical  of  resonance  in  closed 
ducts.  The  phenomenon  appears  highly  rcpeatibic.  being 
relatively  small  the  scatter  of  data  from  different  cycles. 
Frequency  content  of  dumped  oscillations  increases  at  higher 
rpm;  in  fact  oscillations  show  different  harmonics  stiperimjxised 
to  each  other  and  harmonic  content  is  function  of  engine  regime. 


Amplitude  of  oscillations  is  larger  at  higher  rpm.  due  to  the 
increased  inertia  of  the  moving  mass  of  fluid.  At  higher  rpm 
oscillations  do  not  dump  out  in  the  time  between  two  cycles  of 
camshaft,  so  they  disturb  flow  motion  also  at  valve  opening,  as 
visible  in  figs. 7  and  8.  Such  tiscillations  where  also  observed 
downsueam  the  valve,  in  figs.  4  and  5. 

Furthermore  from  fig.  8  is  is  evident  that  when  valve 
bounces  occurr.  oscillations  in  the  inlet  duct  arc  disturbed  by  the 
opening  of  the  valve;  it  can  be  observed  that  the  first  cycle  docs 
not  show  the  negative  peak  in  axial  velocity..  Actually  the  flow 
enters  the  cylinder  tiuring  valve  bounce,  as  shown  by  a  short 
positive  veUxiity  peak. 

4.  CONCLUDING  REMARKS. 

The  development  of  a  test  bench  and  related  non  intrusive 
instrumentation  suited  for  inlet  flow  studies  in  internal 
combustion  engines  has  been  presented;  the  whole  measurement 
system  relics  on  optical  instruments,  employing  Doppler  effect 
to  measure  flow  and  valve  velocity.  Optical  access  to  a  motored 
engine  head  has  been  achieved  by  a  traiisparcnt  cylinder  made  in 
{xtrspex  and  very  thin  curved  windows  on  the  inlet  manifold. 
Simultaneous  data  acqui.siiion  allows  to  correlate  fluid  velocity 
to  valve  motion,  even  at  high  rpm.  when  valve  jumps  and 
bounces  occurr.  which  prove  to  affect  inlet  flow.  The 
measurement  system  apjxiars  a  valuable  tool  for  investigating 
inlet  fluid  dynamics  in  engines. 
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Fig.  I  -  Scheme  of  the  lest  bench. 
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encoder  pulses  (4  puls/cam-shaft  rotation  deg) 

Fig.  4  -  Measurement  of  radial  air  velocity  close  to  the  valve  (valve  lift,  scattered  data,  averaged  data) 
(nc=35(X)  rpni.  M=9.5a/s)  25000  samples. 


encoder  pulses  (4  puls/cam-shaft  rotation  deg) 

Fig.  5  -  Meastirement  of  radial  air  vcltKity  close  to  tltc  valve  (valve  lift,  scattered  tiata.  averaged  data) 
(nc=4200  rpm,  M=l()  g/s)  25000  samples. 
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encoder  pulses  (4  puts/cam-shalt  rotation  deg) 

Fig.  6  -  Measurement  of  a.sial  velcKiiy  inside  the  inlet  manifold  (valve  lift,  scattered  data,  averaged  data) . 

(nc=1000  rpm.  M=6.5g/s):  250(K)  samples. 


36.1.5. 


{nc=3500  rpm.  M=9.5g/s)  25000  samples. 
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encoder  pulses  (4  puls/cam-shaft  rotation  deg) 


Fig.  8  -  Measurement  til  axiul  veUx;iiy  insklc  the  inlet  manifold  (valve  lift,  scattered  data,  averaged  data) 

(nc=4*2(X)  rpm.  M=M)  g/s);  25(KX)  samples. 
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ABSTRACT 

In  diis  study  LD.A.  was  used  to  measure  the  velocities 
upstream  and  dowiotream  of  two  catalytic  converters  with 
different  geometries  and  identical  monoliths.  The  investigation 
was  mainly  concerned  with  the  effect  of  inlet  oondilians  on  the 
flow  distrdttttion  through  the  monolith  and  the  determination  of 
any  other  phenomena  important  to  converter  performance. 
Measurements  of  the  mean  and  r.mj.  velocity  components 
were  made  for  three  flowrates.  The  results  showed  that,  far  the 
catafytk  converters  tested,  the  dominant  factors  far  the  flow 
distribution  through  the  monolith  are  the  effects  of  flow 
resistance  and  manufacturing  inyerfections  within  the  mowdith 
itself. 


1.  INTRODUCTION 

It  is  generally  accepted  that  the  most  important  parameters 
affecting  the  flow  through  a  catalytic  converter  are  the  inlet 
inpe  orientation  and  curvature,  the  diffuser  geometiy  and  the 
iiKHiolith  flow  resistance.  Ideally,  a  diffuser  should  allow 
efficient  expansion  of  the  flow  through  the  transition  fiom  the 
end  of  the  inlet  pipe  to  the  bepnning  of  the  monedith.  In  reality, 
car  designers  must  adhere  to  space  and  weight  limitations  so 
that  the  transition  has  to  be  sb^  and  abrupt.  This  leads  to  a 
poor  flow  distribution  through  the  monolith  causing  separate 
areas  of  extremes  in  the  usage  of  catalyst  material. 

The  ptoUems  discus^  above  have  led  researchers  to 
invesdgaie  the  nature  of  the  flow  in  catalytic  converters  to 
assess  the  most  influential  parameters.  The  work  has  been  a 
mixture  of  artalyticaL  compmational  and  experimental  studies. 

Lemme  a^  Givens  (1974)  found  through  experiment  that 
the  flow  distribution  was  inqxoved  by,  decreasing  the  ratio  of 
the  monolith  cross-sectioiial  area  to  the  inlet  p^  area, 
lengthening  the  distance  fiom  the  inlet  pipe  to  the  monolith 
inlet  face  and  increasing  the  monolith  flow  resistance.  Increased 
resistance,  however,  has  the  adverse  effect  of  raising  the  bade 
pressure  on  the  engine.  As  expected,  the  downstream  geometry 
was  found  to  have  only  a  very  small  effect  on  the  flow 
distribution  through  the  monolith.  A  notable  point  made  by  the 
authors  was  that  the  flow  just  before  the  mormlith  has  a  strong 
radial  component  as  it  meeto  the  monolith.  This  means  that 
measuring  the  axial  velocity  profile  here  does  not  give  a  good 
picture  of  the  flow  distribution  through  the  monolith.  Therefore 
their  measurements  wme  made  downstream  of  the  monolith 
where  the  flow  is  predominantly  axial.  Howitt  and  Sdcella 


(1974)  expermenied  with  a  set  of  devices  placed  in  the  diffuser 
to  he^  expand  the  flow  evenly  across  tte  bekk  face.  These 
medunical  devices  aiined  to  infabit  the  flow  to  the  centre  (rf  the 
monolith  and  encourage  it  to  pan  through  the  ntoooiith’s  outer 
parts.  The  more  balan^  exhaust  gas  flow  acroae  the  bfkk  face 
resulted  in  improved  use  of  the  catalyst  material,  but  at  the 
expense  of  slower  converter  light-off  and  incteased  pressure 
dt^ 

Plow-visnalixation  by  Wendland  and  Matthes  (1986) 
revealed  the  flow  structure  within  the  diffuser  as  being  similar 
to  a  jet  flow  sunounded  by  an  uneven  toroidal  vortex,  which 
fami^  a  rechculmion  region  cleae  to  the  diffuser  walls.  Near  to 
the  monolith  inlet  face  the  flow  fanned  out  as  it  met  the 
resistance  of  the  monolith. 

Pressure  loss  characteristics  of  single-  and  donble- 
monoUth  catalytic  converters  were  investigated  by  Wendland  er 
at  (1991).  The  converters  had  previously  been  used  on  fired 
engines.  The  measurements  were  executed  in  room-air,  hot-gas 
and  engine-exhawt  flows.  The  data  from  the  three  different  lest 
conditions  correlated  well  with  inlm  pipe  Reynolds  number 
when  the  presswe  was  normalised  by  the  inlet  pipe  dynamic 
head.  The  authon  concluded  that  in  the  future  tto  will  enaUe 
iimpensive  room-air  tests  to  be  used  to  estimaie  convener 
presanre  iosaes  far  fired  engine  conditionB. 

Bella  et  at  (1S191)  used  a  one-dhuenaional  reacting  flow 
model  for  the  moi»lith  flow  in  conjunction  with  a  three- 
dhnenaional  viscoua  model  outside  the  substrate.  The  authors 
found  that  the  flow  distortion  caused  by  a  90*  bend  or  an 
inadequate  diffuser  upstream  of  the  converter  results  in  non- 
unifarm  expioitation  of  the  convener.  The  insertion  of  devices, 
designed  to  improve  the  flow  distribution  in  the  converter,  was 
dso  modeUed.  It  was  found  that  sudt  devices  improve  the  flow 
presentation  to  the  monolith. 

Zygourakis  (1989)  developed  a  two-dimensional 
equivalent  continuum  model  for  estimating  transient 
performance  in  a  catalytic  converter.  The  model  showed  that 
the  significance  of  flow  distiibation  in  transient  operation  is  as 
important  as  the  heat  transfer  characteristics  chemical 
khietics.  Qarkson  er  at  (1993)  reported  that  their  development 
of  a  transient  thiee-dimenskmal  modrf  of  the  converter  fluid 
dynamics,  chemical  kinetics  and  heat  and  mass  transfer 
characteristics  produced  results  which  appeared  promising. 

Lai  etaf  (1992)  conqiated  computational  a^eiqterfatental 
results  with  good  agreemenL  T^  found  that  die  flow 
distributkHi  was  a  function  of  inlet  flow  Reynolds  number, 
monolith  flow  tesistance  and  inlet  pipe  curvatme. 
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data  oa  the  flows  tfanugh  a  productioa  catalytic 
convertor  are  lacking:  most  importantly  measurementt 
downstream  of  the  monolith,  ediers  the  velocity  profile  edll 
reveal  more  about  the  flow  distribution  through  tte  monolith 
than  measurements  iqwtream.  The  present  investigatioo  was 
undertaken  to  redress  the  balance  by  measuring  the  flows 
duough  two  production  catalytic  converters,  both  upstream  sad 
downstream  of  the  monolith. 


^  APPARATUS 

A  steady-state  air  flow  rig  was  used  for  the  LD.A. 
measurements  in  two  production  catalytic  converters.  Two 
compressed  air  st^tplies  were  used;  one  leading  to  a  30  mm 
diameter  p^  that  provided  the  main  bulk  of  the  flow  for  the 
converter  and  a  second  to  sup|dy  the  air  for  the  silicone  oil 
atomiser.  The  atomiser  provided  oil  droplen  with  an  average 
diameter  of  l-2|im  for  seeding  the  flow.  Silkone  oils  of 
different  viscosities  were  used  to  achieve  acceptable  dau  rates 
at  different  measuring  locations.  The  seeded  air  from  the 
atomiser  was  then  fed  into  the  mainstream  flow  upstream  of  an 
orifice  plate.  The  orifice  plate  was  manufactured  according  to 
B.S.  10^  and  wu  attached  to  a  manometer  to  measure  the  air 
mam  flowrate  through  the  converter. 

The  two  production  converters  that  were  sup|died  had 
previously  been  run  under  fired  engiiM  conditions.  As  can  be 
seen  in  figure  1,  the  converters  differed  in  terms  of  HifRiw 
geometry,  but  both  had  identical  double-substrate  sections.  The 
substrate  consisted  of  a  honeycomb  structure  with  square  cells. 
The  cell  density  wm  64oel]s/cm^  and  the  single-substrate  length 
was  70mm.  The  first  converter  had  a  short  diffuser  of  length  SO 
mm  and  a  half-angle  of  divergence  equal  to  34*.  The  second 
oonveiter  had  a  much  longer  ^ffiiser  of  120  mm  length,  giving 
it  a  shallower  half-angle  of  divergence  equal  to  28*.  Also,  die 
second  converter  had  the  inlet  axis  at  an  angle  of  8*  to  the 
converter  centreline. 

Some  of  the  measurements  were  made  with  a  bias  plate 
positioned  just  before  the  converter  inlet  to  provide  a  certain 
amount  of  skewness  to  the  flow  being  presented  to  the 
converter.  The  bias  plate  consisted  of  a  circular  metal  plate  with 
boles  drilled  into  it  The  holes  varied  in  size  across  the  plate 
diameter.  The  L.D.A.  results  confirmed  that  this  arrangement 
presented  a  flow  pattern  to  the  monolith  similar  to  that  of  a 
sharp  90*  entrance  bend,  see  for  example  Taylor  et  al  (1987). 

The  flow  passed  dvough  the  bias  plate  (if  in  positron)  and 
iirto  the  monoUth  via  a  diffuser.  It  is  the  sh^  of  the 
and  its  effea  on  the  flow  presented  to  the  monolith  that  was  the 
main  topic  of  investigation  in  this  study.  The  corrverter  had 
wirrdows  cut  out  of  it  to  afford  good  accem  for  the  LD.A.  laser 
beams.  The  flow  leaving  the  converter  was  directed  iirto  a 
aouird  attenuation  box  desigrred  to  reduce  the  coirsklerable  iroise 
emanatiiig  from  the  compressed  air  suppfy- 


3.  LASER-DOPFLER  ANEMOMETER 


For  a  virtually  identical  LD.A.  qfsient.  the  overall  errors  far  the 
memi  aird  rjn.s.  veloodes  have  been  retrmsteil  by  Suen  (1992) 
to  be  of  the  order  3%  and  10%  respectively.  The  prtncqMl 
chamcleiistics  of  the  laser  arrertroitreter  ate  listed  hr  Table  1. 


Table  1 L  D.A.  syttaa  parameters 


laser  waveleagth — - - - - 

control  volume  half  angle _ _ 

_ W-5.9* 

beam  dismeirr  from  laser._...~.>. — _. 

_ ..bb^-83  mm 

beam  ditenelcr  at  control  volume.„..~.. 

...-.biO.194  mm 

control  volume  length... _ 

_ ibol.8  mm 

control  volume  width... _ _ _ 

frequency  shift........ - - - 

_ i.-U7MHz 

control  voliune  fringe  spacing - 

_ X*-3j08pm 

4.TESTFROCSDURE 

A  detailed  diagram  of  the  catalytic  converter  nreasuriitg 
locations  and  co-crdiirate  system  is  shown  in  figure  2.  This 
shows  a  side  view  of  the  converter,  in  the  x-z  [dane.  The 
measuring  locations,  lines  along  vdrich  measurementt  were 
taken,  are  in  the  y-diiection.  In  figure  2  they  are  seen  end-on 
and  to  ^ipear  u  points.  In  a  addition  to  the  differences  in  fire 
distances  in  betwm  nreasuting  locations,  the  second  converter 
has  its  irrlet  jdane  at  an  angle  of  8*  with  respect  to  the  monolith 
face;  this  feature  can  be  seen  in  figure  1. 

The  procedure  for  taking  rtreasurenreirts  was  as  follows: 
The  LD.A.  beircb  was  positioned  to  that  the  coirtiol  volume 
was  located  at  measuring  location  1.  Profiles  of  the  mean  and 
rjnj.  components  of  velocity,  TT  and  o'  respectively,  were  taken 
for  each  of  three  flowrates  35  k^  108  k^  and  200  kg/h.  The 
LD.A.  bench  was  then  repositioned  to  the  next  measuriirg 
location  and  the  process  repeated  until  the  mean  and  rjn.t. 
profiles  for  all  three  flowrates  had  been  obtained  at  all  four 
measuring  locatioits.  The  positional  accuracy  was  ±0.05  nun. 

As  already  mentioned  the  access  for  LD.A.  in  the  first 
converter  was  restricted  at  some  measuring  locations,  which 
meant  that  complications  arose  in  obtaiiring  a  conrplete  profile 
along  the  y-direction.  Larger  windows  could  not  be  insoted  in 
the  converter  walls  without  altering  significantly  the  shi^  of 
the  containiirg  walls.  At  measuring  location  2  in  the  first 
catalyst,  the  measuring  voluitre  could  only  be  traversed  across 
half  the  width  of  the  converter,  thus  for  the  unbiased  case 
measurements  were  taken  iq>  to  the  converter  centreline.  In  the 
biased  case  measurements  were  taken  with  the  bias  plate 
orientated  in  one  direction  iq>  to  the  converter  centreline.  The 
bias  plate  wm  then  rotated  thiougb  180*  and  the  memurements 
taken  again.  At  measuring  location  3,  restricted  access  meant 
that  the  ±45*  measurement  technique  wu  employed  and  the 
data  was  resolved  to  give  the  mean  velodiy  conqnnenL 


The  LD.A.  optical  system  wm  mounted  on  a  single  bench  5.  RESULTS 
placed  on  a  traversing  table.  This  arrangement  allowed  three 

degrees  of  movement  for  the  whole  optical  set  qi  without  the  3-1  Measuring  Location  1 

need  for  realignmenL  The  laser  produ^  light  at  a  wavelength 

of  632.8  nm  and  with  a  power  output  of  10  mW.  The  Figure  3  shows  the  and  r.m.s.  velocity  component 

photomultiplier  voltage  ouqiut  wu  fed  to  a  T.S.I.  frequency  profiles  across  the  y-direction  at  meuuring  location  1  for  the 
counter  interfaced  to  an  Apple  II  conqxiter  for  data  processing.  biased  and  unbiased  flow  cases. 
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For  convenience,  the  skewness  of  the  velocity  profiles  is 
deflned  in  the  following  text  as  a  percentage  difference  between 
the  maximum  and  minimum  mean  velocity  divided  by  the 
maximum  mean  velocity.  The  unbiased  inkt  flow  case  results 
are  shown  in  figure  3(a).  The  insertion  of  honeycomb  sections 
in  the  bend  has  helped  to  reduce  the  effects  of  curvature 
upstream  of  measuring  location  1.  The  profiles  show  a  small 
amount  of  skewness  which  increases  with  mass  flowrate  from 
4%  at  S3  kg/h  to  16%  at  2(X)  kg/h.  The  skewness  was 
attributable  to  the  secondary  flow  effects  of  the  pipe  bend 
before  the  measuring  location;  as  the  mass  flowrate  increased 
the  greater  effect  of  the  flow  in  the  bends  caused  more  vigorous 
secondary  flow  action  and  thus  greater  skewness.  The  r.m.s. 
velocities  remained  low  for  all  three  flowrates,  not  exceeding 

1.1  m/s.  This  is  partly  due  to  the  suppression  of  Urbulence  by 
the  honeycombs. 

The  biased  flow  profiles,  presented  in  figure  3(b),  showed 
that  the  insertion  of  the  bias  plate  resulted  in  a  much  greater 
skewness  in  the  mean  velocity  profile  as  intended.  The 
skewness  decreased  with  mass  flowrate  from  S8%  at  33  kg/h  to 
32%  at  200  kg/h.  The  r.m.s.  velocity  profiles  show  highs' 
turbulence  levels  than  in  the  unbiased  case  and  scale  with  mass 
flowrate,  varying  fiom  1.4  m/s  at  33  kg/h,  to  2.7  m/s  at  108 
kg/h  and  4.8  m/s  at  200  kg/h.  The  results  indicate  clearly  that 
the  bias  plate  was  generating  a  considerable  amount  of 
turbulence.  As  the  mass  flowrate  increases,  the  level  of 
turbulence  increases,  promoting  greater  mixing  downstream  of 
the  bias  plate.  This  effect  appears  to  reduce  the  skewness 
generated  by  the  bias  plate  as  the  mass  flowrate  increases. 
Another  noticeable  trend  was  the  rising  r.m.s.  values  towards 
the  low  momentum  side  of  the  pipe.  This  may  be  caused  partly 
by  the  greater  turbulence  generate  by  the  smaller  holes  on  that 
side  of  the  bias  plate  and  partly  by  the  steeper  mean  velocity 
gradients  found  on  the  Ic  locity  side  of  die  pqie. 

3.2  Measuring  Lxicatior  2 

Figure  4  shuws  th  unbiased  mean  and  r.m.s.  velocity 
profiles  at  measuring  location  2  for  the  first  converter.  The 
mean  velocity  profiles  are  similar  to  a  jet  flow,  as  also  observed 
by  flow-visualization  in  Wendland  and  Matthes  (1986).  The  jet 
width  is  approximately  90-100  mm  (the  inlet  pipe  width  in  the 
x-y  plane  for  the  first  converter  is  80mm).  This  clearly  indicates 
that  the  inlet  flow  is  not  expanding  to  follow  the  sh^  of  the 
diffuser,  but  emerges  as  a  jet  The  mean  velocity  tenth  to  zero 
very  close  to  the  converter  wall,  suggesting  the  existence  of  a 
weak  recirculation  in  the  form  of  a  toroidal  vortex.  The 
maximum  r.m.s.  values  scale  with  mass  flowrate  and  occur  at 
the  point  where  the  mean  velocity  gradient  is  steepest  ss  might 
be  expected. 

Figure  3  shows  the  biased  flow  case.  The  bulk  flow  is 
clearly  offset  fiom  the  centre,  as  a  result  of  the  presence  of  the 
bias  plate  upstream,  so  that  the  maximum  mean  velocity  occurs 
at  y  =  -10  mm.  The  r.m.s.  velocities  for  53  kg/h  and  108  kg/h 
are  nearly  uniform  across  the  diffuser,  whereas  the  200  kg/h 
profile  shows  a  "peak-trough-peak"  profile  Qrpica]  of  jet  flow. 
The  peaks  indicate  regions  of  shear  on  either  side  of  the  jet 
centre-line  (as  with  the  unbiased  case),  and  at  the  centre  where 
velocity  gradients  are  small  the  trough  represents  a  region  of 
lower  turbulence  intensity. 

Figure  6  shows  the  mean  and  r.m.s.  velocity  profiles  at 
measuring  location  2  in  the  second  converter  for  the  unbiased 
case.  As  with  the  first  converter  the  profiles  show  a  jet-like  flow 
issuing  from  the  converter  inlet,  surrounded  by  a  weak 


recirculation,  indicated  by  the  small  magniuides  of  the  mean 
velocities  towards  the  edge  of  the  jet 

Figure  7  compares  the  mean  velocity  profiles  of  both 
converters  at  measuring  location  2.  A  iKMable  feature  is  that  the 
profiles  for  the  first  converter  are  broader  than  those  fm  the 
second  converter.  According  to  Lemme  and  Givens  (1974)  the 
main  factirrt  affecting  the  flow  e7.pansion  into  the  convener  ate 
the  inlet  width  and  the  distance  of  the  inlet  fiom  the  monolith 
face.  In  the  convettcn  tested  in  this  work  conditioiM  were  most 
favourable  in  the  first  converts  which,  although  it  had  a  shorter 
distance  between  the  inlet  attd  the  monolith  face,  had  a  much 
wider  inlet  width. 

Another  feature  worthy  of  note  in  figure  7  is  that  the 
profiles  for  the  second  converter  ate  biased  towards  the  positive 
y-direction.  As  already  mentiotied,  the  second  converter  had  the 
inlet  at  an  angle  to  the  converter  centreline,  within  the  x-y 
plane,  in  such  a  way  that  it  was  expected  to  cause  bias  in  the 
negative  y-direction.  It  is  thought  that  this  opposite  bias  is 
possibly  caused  by  manufacturing  imperfections  in  the  weld 
where  the  inlet  flange  and  converter  diffuser  are  joined.  The 
imperfections  may  cause  the  creation  of  a  separation  babble  on 
the  negative  y-direction  side  and  thus  strengthen  the 
recirculation  on  this  side.  This  would  have  the  effect  of 
redirecting  the  flow  towards  the  positive  ydirection. 

Figure  8  shows  the  biased  mean  and  r.m.s.  velocity 
profiles  at  location  2  in  the  second  converter.  The  bias  plate  was 
orienuted  to  give  a  higher  flowrate  towards  the  positive  y- 
direction.  There  are  two  unexpected  features,  the  biuing  of  the 
flow  towards  the  negative  y-direction  and  the  lower  mean 
velocities,  in  comparison  with  the  unbiased  case,  for  all  three 
flowrates.  Figure  9  compares  the  mean  velocity  profiles  for 
biased  and  unbiased  cases.  Orte  reason  for  the  teasing  of  the 
flow  being  in  the  opposite  y-direction  to  that  expected,  ttuy  be 
that  the  turbulence  generated  by  the  bias  plate  may  have 
reduced  the  size  of  the  separation  bubble  causing  the 
unexpected  teasing  in  the  unbiased  case,  as  seen  in  figures  6 
and  7,  and  allowing  the  flow  to  continue  in  the  direction  defined 
by  the  converter  inlet  angle.  The  unusually  low  peak  mean 
velocities  seen  for  all  three  flowrates  in  the  biased  case 
indicates  that  the  flow  is  mote  evenly  spread  across  the  face  of 
the  monolith.  This  could  be  as  a  result  of  the  comparatively 
higher  turbulence  levels  (generated  by  the  bias  plate)  reducing 
the  strength  of  the  recirculation  zones  in  the  diffuser  and 
allowing  greater  lateral  diffusion  of  momentum. 

33  Measuring  Location  3 

The  mean  velocity  profiles  for  the  first  converter  at 
measuring  location  3  are  shown  in  figure  10.  The  profiles  for 
the  teased  and  unbiased  flows  are  clearly  very  similar.  The 
small  differences  in  the  results  indicate  diat  the  teas  of  the  flow 
upstream  of  the  brick  does  not  affect  the  flow  downstream  to 
any  significant  extent.  The  non-uniformity  of  the  profiles 
indicates  manufacturing  imperfections  within  the  monolith 
passages. 

The  uv  shear  stresses  were  also  measured  in  this  locatioa. 
The  resulting  values  were  very  small  indeed,  smaller  than 
inherent  LDA.  errors  so  the  results  could  not  be  used.  These 
low  turbulence  stress  values  are  due  to  the  laminarisation  of  the 
flow  caused  by  the  very  small  chatutels  in  the  monolith. 

The  unbiased  mean  velocity  profiles  for  the  second 
converter  at  measuring  location  3  are  shown  in  figure  11.  As 
with  the  first  converter,  the  irregular  profile  is  evideitce  of  local 
regions  of  high  flow  resistance  and  possible  blodtaging  in  the 
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monolith.  This  may  be  caused  by  loose  catalyst  material 
clogging  the  small  Mck  passages.  But,  a  noticeable  feature  in 
Sgures  10  and  11  is  that  the  velocity  peaks  and  troughs  occur  in 
similar  positions  for  both  converters.  This  phenomenon  wints 
towards  the  regions  of  high  flow  resistance  being  caus«l  by 
manufacturing  imperfections  in  the  substrate.  It  is  difficult  to 
mass  produce  a  substrate  with  perfectly  identical  individual 
passages  throughout  and  so  the  flow  resistance  is  bound  to  vary 
across  it.  This  effect  seems  to  be  the  most  important  factor  in 
determining  the  flow  distribution  through  the  monolith. 

Figure  12  shows  the  mean  and  r.m.s.  velocity  profiles  at 
three  different  y-z  planes,  zs-20  mm,  z=0  mm  and  z=20  mm  for 
the  flowrate  of  108  kg/h  and  without  bias.  The  erratic  nature  of, 
and  differences  between,  all  three  profiles  clearly  indicate  the 
effect  of  high  flow  resistance  inside  the  monolith  and  the 
presence  of  a  highly  three-dimensional  flow  field.  As  expected 
the  highest  velocities  are  found  at  z=-20  mm  and  y^O  mm,  the 
position  closest  to  the  outlet  pipe.  At  this  point  the  mean 
velocity  is  3.0  m/s.  The  rjn.s.  velocities  are  on  the  whole  very 
low  due  to  the  laminarisation  effect  of  the  narrow  monolith 
passages. 

S.4  Measuring  location  4 

Figure  13  shows  the  unbiased  mean  and  r.m.s.  velocity 
profiles  for  the  flow  leaving  the  first  converter  through  the 
outlet  pipe.  The  velocity  components  in  the  axial  direction,  with 
respect  to  the  exhaust  pipe,  were  measured.  The  turbulence 
suppressing  effect  of  the  monolith  is  still  evident  at  this  location 
where  the  rjn.s.  velocities  are  consistently  low  for  all  mass 
flowrates,  not  exceeding  l.S  m/s.  The  corresponding  turbulence 
intensity  (r.mji.  velocity  divided  by  the  mean  velocity)  for  all 
three  flowrates  is  approximately  2.6%.  The  mean  velocity 
profiles  are  very  uniform,  although  the  measured  profiles  do  not 
extend  to  the  pipe  wall.  The  profiles  are  characteristic  of  the 
plug-flow  found  a  few  diameters  down  fiom  the  entrance  to  a 
pipe. 

3  J  Pressure  measurements 

The  pressure  drop  across  the  two  converters  was  measured 
by  means  of  static  pressure  tappings  located  43  mm  upstream  of 
measuring  location  1  and  30  mm  upstream  of  measuring 
location  4.  Figure  14  shows  the  graph  of  the  pressure  drop 
across  the  converter  versus  the  mass  flowrate  for  six  flowrates, 
including  the  three  flowrates  used  in  the  LJ).A.  measurements. 
The  graph  shows  a  relationship  between  pressure  drop  and  mass 
flowrate  which  is  more  parabolic  than  linear  and  nearly 
identical  for  both  converters.  Since  the  only  significant 
variation  between  the  two  converters  was  the  diffiuer  geometry, 
it  can  be  assumed  that  the  effect  of  the  diffuser  shape  had  no 
noticeable  effect  on  the  pressure  drop  across  the  converter. 


6.  DISOJSSION 

In  this  section  the  results  presented  above  are  compared 
with  results  obtained  by  other  authors.  Figure  13  shows  a  graph 
of  the  inlet  pipe  Reynolds  number  versus  the  pressure  drop.  Tlie 
data  obtained  from  the  first  and  second  converters  described  in 
this  paper  is  compared  with  data  from  Wendland  et  al  (1991) 
and  Lemme  and  Givens  (1974).  Although  the  catalytic 
converters  employed  by  Wendland  et  al  (1991)  were  single- 
substrate  converters,  the  length  of  the  substrate  (lS2mm)  was 


similar  to  the  overall  length  of  the  double-substrate  in  the 
converters  used  in  this  work.  The  cell  density  (64cells/cm^)  was 
also  similar  and  the  converters  had  been  tun  under  fired-engine 
conditions  for  100  hours.  As  a  result  the  pressure  drop  bu  both 
sets  of  data  follow  similar  trends.  Lemme  and  Givens  employed 
a  single-substrate  converter,  but  its  length  was  76.2  mm.  half 
that  used  in  the  other  sets  of  data.  This  fact  is  reflected  in  figure 
13  if  we  assume  that  the  pressure  drop  is  directly  proportional 
to  the  substrate  length  as  reported  by  Lemme  and  Givens  (1974) 
and  Wendland  et  al  (1991). 

In  figure  16  velocity  profiles  upstream  of  the  monolith  are 
compared.  The  abscissa  represents  the  y-position  normalised 
with  the  inlet  p^  diameter.  The  ordinate  is  the  mean  velocity 
normalised  by  the  bulk  velocity  for  each  profile.  Excluding  the 
lower  Reynolds  number  result  fiom  Lai  et  al  (1992),  the  profile 
shapes  are  surprisingly  similar  in  many  respects,  given  the 
differences  in  tte  geometries  of  the  converters. 

To  quantify  the  comparison  between  the  upstream  velocity 
profiles  seen  above  a  parameter  termed  the  spread  of  the  flow 
was  used  in  figure  17.  The  spread  fot  each  profile  was  obtained 
by  dividing  the  standard  d^iation  of  the  mean  velocities  in 
each  profile  by  the  corresponding  bulk  velocity.  The  spread 
appears  to  remain  within  the  range  0.43-0.67  for  Reynolds 
numbers  between  23,000- 100.000.  The  unexpected  profile  fiom 
Lai  et  al  (1992)  presented  in  figure  17  for  ReB23,000  falls  short 
of  the  other  data  in  figure  18  as  would  be  eiqrected  fiom  its  flat 
appearance.  The  shape  can  perhaps  be  eiqrlained  by  the  use  by 
I^  et  al  of  a  very  elongat^  control  volume  for  the  LJ3.A., 
introducing  greater  scope  for  errors  into  the  measurements. 


In  this  study  LJDA.  was  used  to  measure  the  velocities  in 
two  catalytic  converters.  The  experiments  were  carried  out 
primarily  to  establish  the  effects  of  inlet  conditions  on  the  flow 
through  the  monolith.  The  results  were  also  compared  with 
those  fiom  other  sources.  The  following  conclusions  were 
drawn: 

•  The  bias  plate,  inserted  upstream  of  the  catalytic  converter, 
achieved  the  aim  of  skewing  the  upstream  flow  profile  in  a 
manner  similar  to  a  90  degree  bend.  Also,  the  bias  plate 
was  responsible  for  generating  higher  turbulence  levels 
iq»tream  of  the  converter  monolith. 

•  Tlie  catalytic  converter  diffusers  were  too  divergent  to 
effectively  diffuse  the  flow  to  any  degree.  A  properly 
designed  diffuser  would  be  too  long  for  practical  use. 

•  The  ineffectiveness  of  the  diffusers  resulted  in  the  flow 
emerging  fiom  the  inlet  pipe  as  a  free  jet  surrounded  by  a 
weak  toroidal  vortex.  The  flow  distribution  directly  prior 
to  the  monolith  inlet  face  can  be  improved  by  increasing 
both  the  inlet  pipe  diameter  and  its  distance  from  the 
monolith  inlet  face. 

•  The  flow  through  the  monolith  had  a  non-uniform 
distribution,  as  witnessed  by  the  flow  profiles  downstream 
of  Ifae  monolith.  This  is  most  likely  due  to  manufacturing 
imperfections  in  the  monolith  passages,  but  may  also  be 
caused  by  loosened  catalyst  material  and  exhaust 
particulates.  As  a  result  the  catalytic  converter  operates 
inefficiently.  It  appears  that  in  the  case  of  the  converters 
used  in  this  work,  the  determining  factor  in  the  distribution 
of  flow  through  the  monolith  is  the  above  mentioned 
manufacturing  imperfections  rather  than  the  upstream 
conditions. 
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•  Strong  viscous  forces  in  the  narrow  monolith  passages 
caused  a  strong  turbulence  suppressing  effect  on  the 
downstream  flow. 

•  Comparisons  of  the  upstream  velocity  profiles  just  b^re 
the  monolith  inlet  face  and  the  pressure  drop  across  the 
catalytic  converter  with  data  from  other  sources  showed 
good  agieemenL 

REFERENCES 

Bella,  G.,  Rocco,  V.  &  Maggiore,  M.  1991,  A  study  of  inlet 
flow  distortion  effects  on  automotive  catalytic  converters, 
Trans.  ASME.  J.  Enang.  Gas  Turbines  and  Power.  voL  113,  no. 
3,  pp.  419-426. 

Claricson,  RJ.,  Benjamin,  SJ’.,  Jasper,  T.S.  A  Girgis,  N.S. 
1993,  An  integrated  computational  model  for  the  optimization 
of  monolith  catalytic  converters.  Joint  IMechE/SAE  Conf. 
"Vehicle  Thermal  Manaaement  Systems  IVTMSr.  Columbus, 
Ohio. 

Howitt,  J.S.  A  Sekella,  T.C.  1974,  Flow  effects  in  monolithic 
honeycomb  automotive  catalytic  converters,  SAE  paper 
740244, 1974. 

Lai,  M.C..  Lee,  T.,  Kim,  J.Y.,  Cheng,  C.Y.,  Li.  P.  A  Chui,  G. 
1992,  Numerical  and  experimental  characterizations  of 


automotive  catalytic  converter  internal  flows.  T 
Structmes.  Vol.  6,  pp451-470. 

Lcmme,  CD.  A  Givens,  WJl.  1974,  Flow  through  catalytic 
converters-  an  analytical  and  experimental  treatment.  SAE 
p^MT  740243. 

Suen  K.  1992.  Investigation  of  Gas  Flow  in  a  Motored  High 
Speed  Diesel  Engine  by  Later  Doppler  Anemometry.  PhD. 
Thesis,  Mech.  Eng.  Depu  King's  College  London. 

Taylor.  A.M.KJP.,  Whitelaw.  JJf.  A  Yianneskit,  M.  19W. 
Curved  ducts  with  strong  secondary  motion:  velocity 
measurements  of  developing  laminar  a^  turbulent  flow,  ^ 
Fluids  Enyny  VoL  104,  1902. 

WendlaiMl.  D.W.  A  Matthes,  W.R.  1986,  Visualization  of 
automotive  catalytic  converter  internal  flows.  SAE  pqter 
861SS4. 

Wendland,  D.W..  SorreU.  PJ.  A  Kreucher,  JD.  1991.  Sources 
of  monolith  catalytic  converter  pressure  losses,  SAE  paper 
912372. 

Zygourakis,  K.  1989,  Transient  operation  of  monolithic 
catalytic  converten:  a  two-dimensionid  reactor  model  and  the 
effects  of  radially  non-uniform  flow  distiibuiiont  Enena. 
Sci..  VoL  44.  no.  9.  pp  2075-2086 


160  160 


Hgure  1  Catalytic  converter  general  arrangement  drawings  (dimensions  in  mm). 
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Rgioe  4  Measuring  location  2  (x«-lS  nun  firom  the  Rguie  5  Measuring  location  2  (x>-lS  nun  from  the 

upstream  brick  face)  without  bias  for  the  first 'xmverter.  upstream  lukk  face)  with  bias  forihe  first  converter. 


Figure  12  Mean  velocity  profiles  at  measuring  location  3 
in  the  second  converter  for  z=20  mm,  0  mm  and  -20  mm. 

ZS.20  mm  is  the  profile  closest  to  the  outlet  p^.  Unbiased  case. 


Figure  13  Mean  and  rjii.s.  velocities  at  measuriqg 
location  4  for  the  unbiased  case. 


Figure  14  Pressure  drop  across  the  converter  versos 
mass  flowrate. 


Rgure  16  Normalised  velocity  profiles  from  various 
sources  compared  with  the  data  from  this  wtnk. 


Hgoie  IS  Variation  of  pressure  drop  with  inktpipe 
Reynolds  number. 


I 


Rgure  17  A  grqih  showing  the  spread  (standard  deviation 
divided  by  mean)  of  the  vekmty  profiles  from  figure  16 
versus  the  inlet  pipe  Reynolds  number. 
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PHASE  DOPPLER  CHARACTERIZATION  OF  A  DIESEL  SPRAY  INJECTED  INTO  A  HIGH  DENSITY  OAS 
UNDER  VAPORIZATION  REGIMES 
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ABSTRACT 

Fhaae  Doppler  measnaneots  of  drop  size  and  vdodty  in  an 
unsteady  die^  spray  were  petfimned.  The  spay  wu  iqected 
into  a  quiescent  gas  with  do^ly  ranging  fium  0.9S  to  18  LgAn^ 
and  temperature  ranging  from  20*C  to  100*C,  to  high 

bade  pressure,  a  gas  with  high  molecular  weight  (SF6)  was  used 
to  obtain  the  same  density  at  lower  pressure.  The  effect  <rf'  fiiel 
vapofisatioa  on  qny  stiucture  was  found  to  be  noticeable 
d^nte  of  the  rdatively  low  (100*C)  gas  tengieratnre.  An 
increase  of  the  mean  drop  diameter  was  observed  increasing  the 
temperature  vdiich  may  he  eqrlained  by  a  selective  dqiletioo  of 
the  smaller  droplets  due  to  evqmratian.  Cycle  resdved 
measurements  allowed  to  evidence  the  strong  unsteady  stmetnre 
of  the  main  iigection  period. 

1.  INTRODUCTION 

Diesel  sprays  injected  into  a  gas  at  atmospheric  ptessnre  and 
temperature  have  been  studied  by  many  investigiiton  with  a 
widespread  range  of  tedmiques  and  injectiea  conditioos 
altboi^  the  most  detailed  measurements  have  been  perfotmed 
under  staedy  conditians.  Those  studies  have  gadiered  a 
considerable  amount  of  data  about  the  vdmle  spray  structure, 
penetration,  entrainment,  droplet  vdodty  and  size  disttibutians, 
etc.  A  strong  lirtritation  of  the  results  is  doe  to  the  fact  that 
steady  injection  and  atmoq;dieric  gas  conditiaiis  are  quite  for 
from  the  realistic  engine  ones  and  that  does  not  altow  a 
straightfatward  extrapolation  of  frm  results  mainly  because  of 
three  reasons:  1)  atomisation  is  due,  under  atomisation  icgirrte, 
to  the  aerodynamic  interaction  betwm  the  outoomirtg  liquid  jet 
and  the  gas,  vhich  is  infirenced  by  the  gas  density  arid  in  a 
diesel  engine  the  air  density  can  be  15-20  times  frte  atmoqdxric 
one;  2)  dropkt  size  it  is  also  controlled  by  evaporation  vdtich  for 
diesel  oil  is  negligible  at  atmospheric  temperature,  but  quite 
strong  under  engitte  conditiotts;  3)  unsteday  sprays  may  have  a 
stricture  quite  different  from  that  of  steady  ones. 

Experimental  investigatian  of  diesel  qprays  rmder  engine 
conditions  were  usually  performed  with  the  main  aim  of 
understanding  the  con^buriion  process  (Sato  et  aL  (1986X 
Karimi  (1988),  Arcoumanis  et  al.  (1991),  Shundoh  et  al.(I991X 
Kobayashi  et  al.  (1992X  to  name  but  a  few]  so  that  the  most  of 
the  i^lished  works  are  concentrated  on  spr^  combustion 
characteristics  rather  than  spn^  fluid  mechanics.  However, 
combustion  characteristics  are  influenced  by  the  gas-fuel 
mixiiig  which  is  obviously  controlled  by  the  spray  dynamics. 


then  invearigaticn  of  the  qxay  dynamics  characteristics  under 
vaporisation  regime  may  result  uaefiil  in  underatanding  and 
explaining  the  features  of  the  combustion  process  (Pitcher  and 
iXngley  (1989),  (1992)].  The  present  investigriian  perframed 
wifli  gas  temperature  ranging  from  atmoqiheric  to  I00*G  and 
gas  density  fitxn  0.93  to  18  kgfrn^  is  a  st^  toward  conditions 
more  reahstic  than  the  atmospheric  ones  but  still  enough 
maiuigeable  fer  using  the  Phase  Doppler  Tedmique  with  good 
performances.  The  study  is  part  of  an  ongoing  effort  to 
understand  the  bdiaviour  of  dieml  sprays  wnp«"gn»e  on  a  wall 
The  understanding  of  recent  ptelimWy  measurements  of  flm 
dqxMited  liquid  film  thidmess  on  a  flat  wall  (Co^  et  aL 
1993)  required  a  detailed  characterization  of  flie  qxay  before 
inqnngement  under  the  same  conditions  and  at  an  ai^  location 
eqtnl  to  the  wall-nozzle  distance  (zf57  mm) . 


1  EXPERIMENTAL  SET-UP 

A  Bosch  single  hole  hqector  (0.25  mm  nozzle  diameter)  was 
mounted  on  foe  top  of  a  closed  cylindtical  (89  mm 

Ld.,300  mm  hei^).  Two  glass  windows  mounted  on  tubes 
protruding  from  the  chamber  side  to  minimise  window  fooling 
by  deposition  of  fuel  droplets,  were  positioned  to  allow  frie  use 
of  the  PDA  in  foe  70  d^  forward  scattering,  vhidi  has  been 
shown  to  be  the  configuration  wfaidi  gives  dm 
dependence  of  foe  size  measurement  results  on  foe  particle 
refractive  index  (Pitcher  et  al.  (1990)],  as  commercial  Diesd  oil 
was  used  as  fiiel,  and  its  tempentture  was  unknowit  The 
hqection  system  was  operated  in  dm  single  foot  mode  and  over 
2000  data  were  collected  for  eafo  measurement  point  over  many 
subsequent  injections.  The  needle  lift  opening  at  20  MPa  vns 
triggering  the  acqnisilHin.  The  rqteatability  of  foe  iiqectian 
pressure  curve  was  tested  and  found  to  be  more  than  acoqttfole; 
measurements  were  performed  over  a  7  ms  time  window,  vdufo 
was  larger  than  the  hqection  duration  (3.4  ms). 

The  chamber  could  sustain  a  pressure  rut  grater  than  6-7  bar 
(the  limit  was  mainly  due  to  the  window  thickness)  and  in  order 
to  analyse  conditions  where  density  should  be  ocnqiarable  to 
that  found  in  Diesel  engi^,  SFg  (M.W.sl46  kg/kmol)  was 
used  instead  of  air  to  obtain  density  tq>  to  18  kgAn^.  Gas  was 
heated  by  an  electric  heater  located  on  the  gas  inlet  duct  and  gas 
tempera^  measured  through  a  thermocouple  positioned  inside 
the  chamber  at  few  centhnebes  from  foe  top  and  wdl 
foe  spray  path  wifo  0.S*C  accuracy.  During  the  measurements 
gas  temperature  decreased,  due  to  heat  conduction  throu^  the 
chamber  walls,  and  when  the  variation  was  higher  then  5*C  flie 
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were  collected. 


gas  was  discharged  and  the  chamber  flushed  with  new  gas; 
residual  liquid  fuel  was  evacuated  through  a  tap  on  the  chamber 
bottom  fay  aspirating  with  a  vacuum  pump  coonected  to  the  tap 
through  a  cyclone  to  separate  the  liquid  drops  from  the  gas. 
Injection  conditions  wiiere  not  varied  through  all  the 
experiments  and  are  summarised  in  table  1; 

Table  1 


Inj.Pres 

Inj. 

Inj. 

Nozzle 

Fuel  Inj. 

s. 

Vol. 

Period 

Diam. 

type  mode 

(peak) 

(mm^) 

(ms) 

(mm) 

(MPa) 

70 

32 

3.4 

0.25 

diesel  single 
oil 

Gas  density  and  temperature 

were  changed  during  the 

etqreriments  and  the  following  table  summarises  the  conditiom; 

Table  2 
Exp. 

p(Kg/m3) 

Z  (mm) 

T  CC) 

gas 

A 

1.18 

57 

20 

air 

B 

1.07 

57 

50 

air 

C 

0.93 

57 

100 

air 

D 

0.93 

52 

100 

air 

E 

0.93 

62 

100 

air 

F 

12.0 

57 

20 

SF6 

G 

5.93 

57 

20 

air 

H 

6.00 

57 

20 

SF6 

I 

18.00 

57 

20 

SF6 

L 

17.4 

57 

100 

SFfi 

The  Phase  Doppler  Anemometer  (Dantec  PDA)  cottqnised 
a  conventiatial  fibre  qttical  LDV  transniitting  unit,  an  Argon- 
ion  laser  (S  W  nominal  power),  a  Bragg  cell  (40  MHz)  based 
transmitting  optics  for  frequency  shifting  and  dir^ooal 
sensitivity  and  a  600  mm  focal  length  front  lens.  A  beam 
expander  was  mounted  on  the  transmitting  optics  and  the  length 
of  the  geometrical  control  volume  was  ab^  1  mm  and  its 
diameter  0.08  mm  ;  the  effective  length  was  anyway  much  less 
than  1  tmn  due  to  the  70  deg  observation  angle.  Tte  receiving 
optics  was  the  57X10  Dantec  unit  equipped  with  three 
preamplified  photimmltipliers.  The  covariance  processor  of  the 
PDA  instrument  was  capable  of  1  ps  time  resolution  in  dma 
acquisition.  The  measurable  velocity  range,  from  -25  to  136  m/s 
(defined  by  the  36  MHz  frequency  bandwidth  and  the 
transmitting  optics  configuration),  was  generally  enough  for  the 
present  investigation  except  for  experiment  A  (atmospheric 
conditions).  In  that  case  the  configuration  was  modified  by 
eliminating  the  beam  expander  to  decrease  the  angle  between 
the  beams  and  the  motsurable  velocity  range  was  almost 
doubled.  However,  the  (dioice  of  the  opticd  configuration  was  a 
compnanise,  to  limit  the  measurable  size  range  to  80pm  which 
resulted  the  most  appropriate  in  the  present  case.  Drop  size  was 
measured  together  with  one  velocity  comptment  (the  axial  one) 
at  distances  from  the  no2le  equal  to  52,  57  and  62  mm  along  a 
radial  direction.  Despite  of  the  relatively  wide  optical  access,  a 
whole  spray  diameter  could  not  be  effectively  spanned,  due  to 
high  light  obscuration  when  the  control  volume  was  positioned 
on  the  other  side  of  the  spray  cone  respect  to  the  transmitting 
optics,  and  measurements  over  slightly  mote  than  half  diameter 


2.  RESULTS  AND  DISCUSSION 


The  injecticm  conditions  (see  tab.  1)  where  not  varied  during 
the  experiments,  whereas  gas  density  and  temperature  where 
changed  so  that  gas  density  ranged  between  0.93  to  18  kg/in^ 
and  gas  temperature  between  20*C  and  100*C.  The  time 
resolution  of  the  acquisition  system  is  quite  narrow  (I  ps)  but, 
in  order  to  better  show  the  spray  characteristics,  two  tinK 
windows  were  chosen  to  perform  a  time  average  (superimposed 
to  the  ensemble  average  produced  by  overUqtping  many 
subsequent  injections);  the  time  windows  were;  TI )  from  0.3  ms 
ASI  (After  Start  of  Injection)  to  0.9  ms  ASI;  T2)  from  0.9  ms 
ASI  to  2.5  ms  ASI.  The  first  time  window  (Tl)  is  representative 
of  the  early  injection  period  whereas  the  second  one  (T2)  is 
represoitative  of  the  main  injection  period. 

As  above  mentioned,  to  obtain  high  gas  density  conditions 


without  reaching  high  pressure,  SFg  was  used  in  place  of  air  in 
some  experiments.  SF6  happens  to  have  almost  the  same 
viscosity  of  air  (psp5=  1.53  10'^  kg/m  s  at  20  *C  [Ueda  and 
Kigoshi  (1974)])  so  ^t  under  the  same  density  conditions  Ok 
drop  Reyttolds  number  is  the  same.  However,  on  erqretiment  at 
room  temperature  (20*C)  and  medium  gas  density  (about  6 
kg/m^)  was  performed  using  both  gases  and  the  le^ts  ate 
compared  in  fig.  1 . 
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Fig.l  Comparison  between  drop  velocity  and  diameter  for 
experiments  G  (air)  and  H  (SFg). 


It  can  be  seen  that  mean  drop  velocity  and  size  profiles  do 
not  differ  appreciably,  as  well  as  other  statistical  parameters 
(not  shown)  such  as  size-velocity  cross  correlation  a^  velocity 
and  size  rms,  thus  confirming  thru  the  use  of  SF^  instead  of  air 
will  not  alter  the  spray  dynamic  characteristics. 

The  effect  of  gas  density  was  analysed  by  comparing  the 
results  of  experiments  A,GJiT^  and  I,  all  performed  at  room 
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temperatuie  (about  20*C)  to  reduce  the  effects  of  vaporisation; 
velocity  profiles  are  shovm  in  figure  2. 

OA  AG  AH  AF  Ol 


Fig.  2  Mean  drop  velocity  profiles  for  different  values  of  gas 

density;  A(1.18  kg/m^),  G  (5.93kgrin3)),  H  (6.00  kg/m^  ).  F 

(12.0  kg/m^),  I(18.0kgte3) 

A  macroscopic  effect  of  increasing  the  gas  densi^  is 
expected  to  be  the  increase  of  the  initial  spn^  angle  as  pi”  for 
steady  sprays  [Wu  et  al.  (1983)]  alfiiough  discrepancies  can  be 
found  in  the  literature  regarding  the  expomait  value  [  Vaide  et 
al.,  1984].  The  profile  of  case  T  should  then  have  a  width  four 
times  that  of  case  A.  However,  the  mean  drop  velocity  profiles 
evaluated  over  time  windows  T1  and  T2  do  not  show  any 
evident  difference  in  width.  Interpolating  the  j^files  by  a 
pseudo-gaussian  curve  (V=Vj.j  exp(-x2/(axH)p]  to  make 
allowance  for  the  non  gaussian  flatness  of  the  profiles  [Wu  et  al. 
(1984)])  and  using  a  least  square  method  tte  r^j  width  was 
found  to  be  almost  independent  on  gas  density  attd  case  1  width 
was  lower  than  1.3  times  case  A  width. 

The  same  procedure  vas  applied  to  the  velocity  profiles 
(evaluated  over  the  same  time  windows)  of  the  smallest  droplets 
(D  <  S  pm)  which  are  erqrected  to  be  representative  of  the 
entrained  gas  velocity  profiles.  Again  the  variation  was  much 
smaller  then  expected  by  applying  the  p^^-law.  There  are  a  few 
reasons  vriiich  nuy  explain  the  discrepancy:  1)  the  width  of  the 
profiles  is  not  easy  to  estimate,  due  to  the  variability  of  the 
velocity  measurements  so  that  the  estimated  widths  may  be 
affected  by  large  errors;  2)  the  spray  is  unsteady  and  differences 
fiom  stea^  sprays  must  be  expected;  3)  the  spray  width  is 
measured  at  228  diameters  downstream,  thus  it  is  not 
representative  of  the  initial  angle,  at  this  distance  fiom  the 
no^e  the  flow  may  be  more  similar  to  that  of  a  particle  laden 
gas  jet  (and  this  is  more  true  for  high  gas  density  conditions) 
injected  into  a  gas  of  approxiituttely  the  same  density  and  the  jet 
width  in  this  case  is  not  expected  to  change  with  gas  density. 


The  entrained  air  flow  under  the  conditiaiis  of  case  A 
(table  2)  was  measured  in  a  previous  eiqmiiient  (Cossali  et  al. 
(1991)]  to  40  mm  (160  diameters)  fiom  the  nozzle. 
Extrapolatko  of  those  results  to  228  diameters  were  conyared 
to  the  mass  flowrate  calculated  by  numerically  integrating  the 
interpolated  small  drop  (d<SMm)  velocity  profiles  and  were 
found  to  be  roughly  consistent  (extrapolate  value  of  previous 
ejqreriment  4.7  KT^  kg/s  (Tl)  6.0  lO'^  kg/s  (T2),  present 
experiment  after  integration:  2.87+2.93  10'^  kg/s  (Tl  and  T2) ) 
thus  supporting  the  statement  that  the  smaller  drops  are  in 
equilibrium  to  the  air  at  least  at  this  location  (it  must  pointed 
out  that  the  way  to  measure  the  entrained  mass  flow  rate  by 
integration  over  a  radial  profile  is  usually  affected  by  large 
errors  due  to  the  weight  that  the  cylindrical  syimnetry  gives  to 
the  measurements  in  the  outer  region,  which  usually  are  affected 
by  the  greatest  relative  errors). 

Drop  size-velocity  correlation  coefficient  was  evaluated  for 
all  the  experiments  a^  the  results  plotted  in  figure  3. 
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Fig.  3.  Size-velocity  correlation  coefficient: 
(<Dv>-<Dxv>)/(ayaj)) 

The  only  case  which  shows  a  consistent  positive  cross- 
correlation  is  (^ase  A  (time  window  Tl)  bm  the  magnitude  is 
low.  This  may  lead  to  the  conclusion  that  drops  at  this  location 
are  generally  in  equilibrium  with  the  gas  for  all  the 
e^qjerimental  conditions  with  a  possible  exception  of  Case  A. 

The  entrained  gas  mass  flow  rate  is  expected  to  follow  the 
law; 

me  =  moKe(z/do)(pg/po)1'2  (i) 

where  is  the  entrainment  coefficient  and  it  was  found  to 
depend  slightly  on  z  for  full  cone  steady  [Ruffet  al.  (1988)]  and 
umteady  [Cos^  et  al.  (1991)]  sprays,  at  least  during  the  ituin 
injection  period.  Entrained  mass  flowrate  can  be  calculated  as; 
n>e~  Cg  Pg  ^0.5^  ^cl 
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(wtere  Cg  is  a  constant  that  dqteads  on  the  seiocite  profile  Tq^j 
is  the  half  ndius,  dg  the  nozzk  diameter,  iito*xdg^/4-Vg  pq  it 
the  iigected  mass  flowrate,  Vg«  is  flie  men  fiid  eat  roioaty, 
Pg  the  fuel  density).  The  qny  widfli  is  aqjiected  to  dqntd 
alrnast  Imearly  on  z  but  it  cn  also  depend  on  (pg/pg); 
*F(Pg/Po)z“<*«I<»- 1  PV« 

Vg,  /  VO  =  (Kg*y(4CgF2XPg/Po)1«  (dgte)* 

=  (KiKy(4CgF2)z*-‘' 
where  z*=(z/doKpg/Po)‘'^. 

The  parsmeter  F  is  expected  to  be  constnt  in  flie  far  field  (i.& 
when  z  is  suffidently  high  to  be  in  the  *inccmpressiMe*  iet 
regimeX  whereas  is  expected  to  be  proportional  to  (Pg^Pg)^^ 
in  the  near  field  [Wu  e  al.  (1983)]. 

Figure  4  shows  the  V^j/Vg  ratio  for  the  present 
measurements  (Vgj  was  calculated  by  interpolation  frm  the 
measured  velocity  profile). 
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Fig.S  Mean  drop  diameter  profiles  fordifferent  values  of  gas 
density;  A(1.18  kghah  G  (S.93kg/m3)),  H  (6.00  kgftB?  \  F 
(12.0  kgto^)^  KlgOkgto^) 
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IFig.  4.  Vgj/Vg  ratio  vs  nondimensional  axial  location 

The  solid  line  represent  the  oqtected  value  for  an 
inccinpressible  jet  [Wu  et  al.  (1984,  Chatwani  and  Bracco 
I  (1985),  Martinelli  et  al.  (1983)]  and  the  measured  values  are 

generally  in  agreement  with  it  (tte  data  fix'  time  window  T2  are 
usually  the  most  aflfocted  by  the  laser  beam  obscuiatiaiX 
consistently  with  the  hypothesis  that  the  spray  behaves  as  a 
particle  gas  jet  at  this  location  (although  tlK  unsteadyness 
of  the  present  ^xay  nuty  not  allow  ^  estraprdation  of  results 
obtained  on  steady  sprays  or  jets). 

The  mean  diamrter  (fig  5)  appears  to  decrease  firm 
experimentA(p=1.18kgAn^)  to  experiments  G-H(p-6  kg/in^) 
and  again  to  increase  v^Mn  p  increases. 

Actually,  there  are  two  opposite  efiects  of  the  gas  density 
on  (he  drq>  mean  diameter  an  increase  of  the  gas  density  is 
expected  to  improve  atomisation  but  the  decrease  of  the  drop 
velodty  increases  the  probability  of  coaksceace  [Kao  and 
Martin  (1990)]  (droplets  are  slower  and  closer  each  other).  Hiis 
may  explain  the  non  monotone  bdiaviour  of  the  mean  drop 
diameter  as  a  function  (tf  gas  density. 

The  Antnrined  mass  flow  rate  was  estimated  for  all  the  gas 
density  by  the  same  method  above  explained 

(integratiem  of  the  interpolating  profiles)  and  the  results  are 
shown  in  tab.3. 


Fig.  6.  Velocity  profiles  for  difforent  gas  tengieraure:  A 
(T»20*C),B(T=S0^:),  C(T»100^;). 


36.3.4. 


o  z«S2Rvn 


A  ZB57fnmm 


1 


TaUtS 


Exp. 

P(k0/m3) 

me  (kQ/fl) 

me  (kg/s) 

CT2)  , 

A 

1.18 

2.87  10-3 

2.93 10-3 

G 

5.93 

2.63  10-3 

3.12  10-3 

H 

6.0 

2.69  10-3 

3.17  10-3 

F 

12.0 

4.31  10-3 

5.4  10-3 

1 

18.0 

13.72  10-3 

19.8  10-3 

Tlw  mass  flow  rate  increases  wifli  the  gas  density,  as  eaqiected. 
but  flw  enors  that  the  present  method  may  intrndiirc  (due  also 
the  vaiiability  of  the  measured  data,  partinilariy  for  time 
window  T2  )  does  not  allow  to  draw  quantitative  cooclusioQs 
about  flie  validity  of  equ  (1). 

The  effect  of  gas  ten^erature  at  room  gas  density  can  be 
observed  by  c«ni»""g  the  results  of  experiments  A3,  and  C. 
Fig.  6  shiowa  the  mean  velocity  profiles,  and  flie  moat 
macroacopic  rffect  is  fl>e  strong  rednetko  of  five  drop  vdodty  by 
an  increase  of  only  80*C  of  five  gas  temperature. 

The  mfluence  m  tK>  mmw  ftwMwi  MmmMt-r  i«  iwit 
firan  figure  7,  but  a  comparison  c£  the  mean  diameter  measured 
under  vaporisatka  cen^tkos  (100*C)  at  difEaent  distaires 
fium  the  injector  (experiments  O.C,  and  E,  see  fig.  8)  riwws 
an  increase  of  five  mean  drop  whm  vaporteation  take 

place. 

O  A  *8  0  C 

T«20  C  T»aO  C  T«100  C 


Fig.  7  Mean  drop  diameire  profiles  for  different  gas  teuiperanie: 
A(T-20*C).B(T-50*C).  C(T-100M). 


A  likdy  explanation  may  rely  on  the  fimt  that  the  PDA 
measures  ^  size  of  only  those  droplets  having  a  diameter 
higher  flian  \-2  pm  and  drop  vqxxisatkn  can  be  sufficiently 
described  tty  the  law;  d(D^ydt -  K,  vhere  K  is  the  evaporation 
rate  (and  it  was  fimnd  to  depend  slightly  on  flie  diameter  and  on 
Ak  gas-drop  relative  velocity  [Ranz  and  Marshall  (I9S2X 
Tokuota  et  aL  (1982)]  )  and  D  the  drop  diameter,  the  equation 
can  be  written  as:  d(D)/dt  *  -  K/2D.  Snail  droplets  undertake  a 
huger  variation  of  ««««»**«•  than  the  bigger  ones  daring  the 
Mwiie  time  interval  and  etthm^  flie  total  liquid  volume  must 
decrease,  flie  average  diameter  nuty  increaae  doe  to  the  selective 
de{toion  of  the  smaller  droplet  population  and  also  to  the  fact 
that  the  smaller  droidets  (D<lMm)  contribution  to  the  average  is 
lost  Moreover,  the  decrease  oi  the  drop  velocity  increases  the 
probability  of  collision  followed  by  coalemence. 


the  injector 

Oecderatkn  of  liquid  droplets  is  due  to  drag  produced  by  a 
momentum  exchange  between  drops  and  gas,  vri^  ftr  a  non 
eitmpnftiiig  dro|det  is  driven  by  drop  gas  rdirive  vdocity,  drop 
size  and  gas  viscosity.  Air  viscosity  at  20*C  and  100  *C  differ 
for  less  than  15%.  Kican  drop  size  measnred  at  z^STinm  has  an 
average  observed  difEuence  of  about  20K  with  maximum 
differences  of  SOH  (see  fig  7).  The  above  mentioned  variations 
in  D  and  p  may  cause  an  increase  of  the  drop  response  time  (  t 
=D^P(/18p)  of  about  30-40K  vdiicb  cannot  explain  an  increase 
of  flie  dra^  The  observed  variation  of  flw  dr^  vdocities  can 
flwn  be  caused  either  by  differences  in  the  enbained  gas  flow 
field  or  by  a  diiect  effect  of  vapotisatkn  on  drag,  or  more  likdy 
by  both.  However,  the  possit^  variatkn  on  flw  aitraiiwd  gas 
flow  field  can  only  be  due  itsdf  to  a  direct  effect  of 
vaporisation,  because  flw  gas  density  variatkn  with  temperature 
is  lower  then  25%  (see  tatde  n.2)  (and  decreases  wifli 
temperature)  and  also  taking  into  account  flw  variatkn  of  gas 
density  due  to  the  fiid  vqxmr  will  give  a  mmrinmm  increaae 
gm  dowity  of  about  40H  (calculated  by  «nrrn«iwg  dr  saturated 
with  n-dodecane).  Entrained  gas  mass  flow  rate  is  expected  to 
dqwnd  on  the  square  root  of  the  gas  density  [Ruffet  aL  (1988)] 
so  that  only  a  decrease  of  about  20%  of  the  gas  velocity  (and 
thus  a  liki^  lesser  amount  of  the  drag  decrease)  can  be 
explained  by  inertial  effects.  Thiw,  the  decrease  o£  entrained 
mass  flow  r^  which  may  be  deduced  by  the  diminiriiing  of  flw 
average  velocity  of  the  smaller  (IXSpm)  droplets  (see  fig  6X 
must  be  due  to  a  direct  influence  of  wporisation  on  ttedropgas 
momentum  exchange  mtxhimism  (wfaidi  is  responsible  d  the 
gas  entninmentX  From  those  results  it  is  evident  fliat  also  flw 
tyxay  widfli  is  reduced  in  Case  C  (100*C)  but  only  during  the 
main  injection  period  (T2X  and  the  estimated  entraimnent  rate 
shown  in  table  4  is  also  strongly  reduced  during  flw  m«iii 
period. 
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TaMe4 


(kg/m^) 

T 

CC) 

iT^^(ko/s) 

azi 

1.18 

20 

2.87  10-3 

2.93  10-3 

1.07 

50 

1.43  10-3 

0.595  10-3 

0.93 

100 

0.314  10-3 

0.023  10-3 

Drop  and  gas  momentwin  deaeaae  appears 
(injected  momentum  is  the  same  for  caae  A3  and  C  and  it 
^^d  be  e(^  to  the  sum  rf  drop  and  gas  momentum  if 
pressure  gradients  and  viscous  stresses  are  (Chatwani 

and  Bracco  (198S)])  but  no  satisfactory  explanation  was  found 
and  foittier  investigations  are  needed.  The  ««""*  trend  was 
confirmed  by  oomporiaon  of  the  results  fimn  g»peritnwit«  i  and 
L,  performed  at  hi^  gas  density  and  dilfotent  tenqierature. 
Figure  9  shows  agw  a  decrease  of  the  drop  vdodty.  as  a 
consequence  of  an  mcresse  of  gas  temperature,  an 

metease  of  the  mean  drop  diameter  (fig.  10),  in  «•««»> 
due  to  the  relative  small  reduction  of  dm  mean  velocity, 
coalescence  duold  not  alone  ex|dain  the  dififerenoe. 


T«20  C  T«iOO  C 


o  I  •  i_ 

T»20  C  T«100  C 


r  (nvn) 

Fig.10.  Drop  mean  diameter  profiles  for  difEsrent  values  of  gas 
temperature  (20*C  and  100*C)  at  hi^  gas  density. 
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Fig.9.  Drop  mean  velocity  profiles  for  different  values  of  gas 
temperature  (20*C  and  100*C)  at  high  gas  density. 

The  effects  of  such  a  relativdy  small  change  of  gas  temperature 
appem  too  strong  and  it  cannot  be  excluded  that  the  increased 
temperature  of  foe  iiqecfor  itself  (which  was  not  foennally 
isolided  fiom  foe  chamber)  may  have  an  effect  on  the  injection 
characteristics  (like  bobble  fonnafion  inside  the  sac  prior  to  the 
injection). 

Another  interesting  feature  of  foe  quay  flow  is  foe  high 
unsteadiness  also  during  foe  maia  injecticn  period  (vfoich  is 
often  treated  as  a  quasi-steady  regime).  Fig  11a)  shows  a  typical 
drop  velocity  vs  tiine  plot,  obtained  by  overlapping  many 
injections  and  at  a  first  si^  the  main  injection  period  appears 
quasi-steady,  alfoough  characterised  by  a  strong  variability. 
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Fig  11  a)  drop  velocity  vs  time  over  many  injections;  b)  cycle 
resolved  (bop  velocity 
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But  when  cycle  resolved  velocities  are  rrnsidered  (fig  lib) 
the  velocity  field  results  as  an  overlapsiing  of  strongly 
fluctuating  velocity  histones  wifli  no  phase  sofielatka  The 
main  injectkn  pei^  appears  then  characterised  not  by  a  sort 
of  quasi-steady  flow  of  drops  having  a  very  brood  velocity  PDF, 
but  rather  by  a  train  of  'pulses*;  a  structure  which  is  lost  when 
ensemble  average  is  perfonned. 

A  Fourier  analysis  was  performed  on  each  cycle  for  many 
experimental  cooditioos  and  different  radial  porous  but  no 
clear  evidence  of  periodicity  was  observed.  The  velocity 
histories  diown  in  fig.IIb)  suggest  two  possibilities;  1)  the 
observed  drop  pulses  are  the  result  of  a  modulated  injection, 
possibly  due  to  highly  fluctuating  injection  pressure;  although 
the  measured  injection  pressure  curve  does  not  show  any  strong 
fluctuation,  it  must  be  remembered  that  the  pressure  is 
measured  at  the  injector  inlet,  and  the  variation  of  the  fiid 
pasa^  section  inside  the  injector  give  rise  to  pressure  waves 
which  travel  back  and  forth  along  the  iiqector,  producing  strong 
variation  of  the  pressure  at  sac  position;  2)  ^  spray  at  this 
location  behaves  as  a  tuibulent  pa^le  lato  gas  jet;  the  second 
explanation  appears  to  be  mote  consistent  with  the  model  which 
stems  also  fimn  the  results  previously  presented. 

3.  CONCLUSIONS 

The  erqjerimental  investigation  of  a  diesel  spiay  injected 
into  quiescent  gas  at  different  density  and  temperature  revealed 
the  following: 

1)  Entrained  gas  mass  flow  rate  increases  with  gas  density 
although  the  accuracy  of  the  way  of  estimating  it  does  not 
allow  to  compare  it  with  the  r^^-law. 

2)  Vaporisation  produces  a  strong  decrease  of  the  paiticte 
velocity  and  of  the  entrained  air  mass  flow  rate,  particularly 
during  the  main  injection  period. 

3)  Measured  drop  mean  diameter  increases  with  vqxxisatico 
due  to  the  selective  depletion  of  smaller  droplets  by  the 
law  and  the  limitation  of  the  measuring  range. 

4)  At  the  location  analysed  in  the  present  study  (204  to  248 
diameters  downstream)  the  spray  bdiaves  as  an 
incompressible  gas  jet,  and  the  main  injection  period  is 
characterised  by  a  strong  fluctuation  with  no  characteristic 
fiequencies. 
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ABSTRACT  ^ 

In  Older  to  improve  the  understandtng  of  the  behavior 
of  compressed  turbulent  flow,  a  compression  machine  for  an 
axisynimetiic  jet  flow  has  been  build.  The  flow  was  analysed 
by  one  componem  LDV. 

For  the  analysis  of  the  non-stationary  turbulence 
within  the  jet  flow,  filter  techniques  and  spectral  analysis  for 
transient  flows  have  been  used. 

The  results  show  an  increasing  jet  width  during 
compression  due  to  an  enhanced  entrainment  mechanism. 
The  turbulence  intensity  seems  to  be  amplified  over  the 
complete  spectrum. 


l.lNTRODUCn(»< 

The  increasing  demand  for  an  increased  efflckncy  of 
internal  combustion  engines  and  for  a  diminution  of  the 
pollutam  emissions  (LEV  and  ULEV  regulations)  results  in  a 
growing  interest  in  precise  simulation  tools  for  the  internal 
aerodynamics  and  mixing  processes  in  pisum  engines.  In 
order  to  optimize  these  simulation  tools  there  is  still  a  lack 
in  basic  Imwledge  concerning  the  uiuteady  behavior  of  a 
turbulent  flow  field  submitted  to  rapid  compression. 

A  large  amoum  of  experimental  wr^  has  been  done 
to  understand  the  flow  inside  the  cylinden  of  piston  engines. 
The  measurements  of  mean  and  fluctuating  gas  velocities  are 
maiidy  done  with  LDV  in  nearly  production  like  engines, 
special  research  engines  and  compression  machines.  A 
review  of  experimental  results  concerning  the  compressed 
turbulence  can  be  found  in  Nuglisch  (1992). 

For  three-dimensional  simulation  of  the  flow  field, 
classical  turbulence  models  (k-€)  with  special  exteiaioiu  for 
compressed  flow  are  used  (Ahmadi-Befrui  et  al.  (1990X  Morel 
and  Mansour  (1982).  Ahmadi-Befrui  and  Gosman  (1989)). 
However,  comparisons  between  simulation  and 
measurements  still  show  discrepancies  due  to  the 
incqyability  of  the  used  turbulence  models  to  predict  the 
behavior  of  out-of-equilibrium  turbulence  in  highly  unsteady 
flow.  There  is  a  strong  need  to  increase  basic  physic^ 
understanding  of  such  flows. 

A  large  amount  of  knowledge,  both  theoretical  and 
experimental,  is  already  acquired  of  the  behavior  of 
homogeneous  turbulence  undergoing  rapid  compression,  see 
Hum  and  Camithers  (1990),  Wu  et  al.  (1985).  Cambon  et  aL 
(1992),  Sene  and  Le  Pbnven  (1992),  but  in  real  flowfields 


there  is  a  strong  interaction  between  compression, 
turbulence  and  mean  flow  field.  This  triangular  intcnction 
caimot  be  simulated  by  homogeneotu  turbulence.  A  rapid 
conquession  affecu  the  turbulence  generating  flow  field  and 
the  turbulence  structure.  There  will  be  a  mutual  interaction 
between  modified  mean  flow  field  and  turbulence. 

Using  a  flow  field  having  a  complexity  intermediate 
between  real  engine  flows  aitd  homogeneous  turbulence,  we 
investigate  at  the  IMFT  in  Toulouse  the  behavior  of  a  free 
axisymmetrical  air  jet  under  rapid  compression.  For 
statimiary  conditions,  the  jet  flow  is  well  documented,  thus 
effects  of  unsteadincas  can  be  clearly  identified. 

The  regions,  where  unsteady  flow  behavior  can  be 
expected,  are  determined  by  the  ratio  of  the  local  flow  time 
scale  and  the  compression  time  scale.  This  dimensional 
analytis  has  been  presented  and  is  not  repeated  here,  see 
Boide  (1990)  and  Nuglisch  et  al.  (1991). 


Z  EXPERIMENTAL  SYSTEM  AND  DATA  REDUOTON 
Z1  The  experimental  device 

Figure  1  shows  the  flow  configuration  considered  for 
this  investigation.  We  investigate  an  axisynunetric  air  jet 
with  an  initial  nozzle  diameter  of  2  mm  and  a  Reynolds 
munber  of  6500  based  on  the  nozzle  diameter.  The  jet  is 
submitted  to  a  symmetric  compression  by  two  pistons. 
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Rgure  1:  Principle  of  the  compression  machine  :Vp  Piston 
velocity.  Dq  Jet  nozzle  diameter.  Uq  Ejection  velocity, 
Mean  velocity  on  the  jet  axis 
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The  Reynolds  numbo'  is  mainuined  consuiu  during 
the  compression  by  constant  mass  flow  rate  using  a  0.3  mm 
diameter  sonic  no^e. 

After  each  compression  the  compression  chamber  is 
opened  to  ambient  air  to  assure  repeatable  initial  conditions. 
For  more  details,  see  Nuglisch  (1992). 

Velocity  measurements  were  performed  using  a  one 
component  LDV  system  in  forward  scatter  configuraiitm  with 
Bragg  ceil.  As  signal  processor  a  TSI  1980B  frequency 
counter  was  used.  Dau  were  sampled  in  the  free  running 
processor  mode  using  a  PC  with  a  DOSTEK  1400  dau 
acquisition  card. 

2.2  Dau  reduction  schemes 


Mean  velocities.  The  mean  velocity  profiles  during 
compression  are  obtained  by  a  combiiution  of  phase¬ 
averaging  aiul  time  averaging.  For  each  realization  a  time- 
interval  weighted  average  is  calculated  over  an  interval  of 
AT  s  10  ms  in  order  to  conect  for  velocity  bias  and  seeding 
inhomogeneity,  then  the  ensemble  average  is  built  over 
N  =  25  or  N  =  50  compressions.  The  mean  velocity  U(tJ 

at  time  I.  becomes  : 

N 


and  the  time  averaged  mean  velocity  for  the  time  interval 
AT  AT 

kAr--^<t^<kAr-t-~Y 

for  the  i*^  compression  becomes  : 

M.. 

•Jc 


I  - 


and  M. .  ,  and  M. .  the  first  and  the  last  measurement  within 
the  interval  and  the  i  compression 
1  <  k  <  ,  N^=  number  of  intervab  dT  in  the  sample 

In  order  to  reduce  the  cyclic  variability,  the  pressure 
rise  for  each  compression  has  been  visualized  and  compared 
to  a  reference  compression.  If  the  instantaneous  pressure  in 
the  chamber  deviated  more  than  3%  from  the  reference 
pressure,  the  measuremenu  were  rejected. 


,  After  a  fint  analysis  of  the 


mean  velocities,  more  sophisticated  dau-redtiction  schemes 
were  implemented  in  order  to  use  more  easily  algorithms  for 
filtering  and  spectral  analysis  of  the  velocity  data: 

The  raw  LDV  velocity  samples  were  resampled  with 
constant  frequency.  Before  resampling,  the  continuous 
signal  was  reconstructed  from  the  non-uniform  spaced 
samples  by  an  extension  of  the  Shannon  interpolation,  see 
Veynante  and  Candel  (1988)  and  Clark  et  al.  (1983). 


This  extension  is  obtained  by  a  transformation  of  the 
time  variable: 

yfr)->k(Tl  were  T  is  unifonnly  quoed. 

Further  dau  reductitm  is  performed  based  on  the 
resampled  signal. 


Usually,  the  turbulent  velocity  signal  in  unsuady  flows  is 
separated  in  the  ensemble  mean  and  a  fluctuating  component 
(Reynolds  decomposition): 

U<0=  U  (t)*u(0 

In  order  to  get  more  detailed  information  on  the 
evolution  of  the  turbulence  during  the  compression  and  the 
physics  of  non  sutionary  turbulence,  the  velocity  signal  is 
separated  in  3  componenu,  the  ensemble  mean  velocity  U 
and  the  high  and  low  frequency  flucuating  componenu 


with  the  RMS  values  ; 


As  cut-off  frequency  for  the  separation  between 

high  and  low  frequency  componenu,  an  estimation  of  the 
local  and  instantaneous  inugral  time  scale  has  been  chosen. 
The  integral  time  scale  has  been  estimated  using  the  integral 
length  scale  measuremenu  in  an  axisymmeiric  jet,  reported 
by  Wygnanski  and  Fiedler  (1969).  The  time  scale  was 
estimated  using  Taylors  hypothesis  and  the  convection 
velocity  f/^  in  function  of  the  mean  velocity  given  by 
Wygnanski  and  Fiedler. 

Different  filter  algorithms  can  be  applied.  The  most 
simple  technique  is  the  filtering  by  the  moving  window 
technique  with  a  step  window  function.  Looking  at  the 
transfer  function  in  the  frequency  domain,  it  can  be  seen  that 
no  precise  cut-off  frequency  is  obtained  and  a  correlation 
term  remains  in  the  equation  for  the  fluctuating  componenu: 

t/(i)=  U  (l)  +  n(f) 

u'(0  =  (H^^(t)  +  Ui/(0*2  (Oy^ 


A  bener  separation  of  the  high  and  low  frequency 
componenu  can  be  obtained  by  a  FFT  transformation,  by 
setting  the  frequency  componenu  above  the  cut-off 
frequoKy  to  zero  and  by  performing  an  inverse  FFT. 

The  total  fluctuation  becomes  in  this  case  : 

u'O)  =  (u  +  a  ^^(1)  ) 

This  technique,  however,  is  difficult  to  apply  to 
transient  signals  with  varying  cut-off  frequency. 

The  technique  chosen  for  our  appUcadon  is  a  moving 
window  technique  with  a  window  frmction  of  die  type  sin  xJx 
giving  a  step  transfer  function  in  the  frequency  dom^  for  an 
infinite  window  width.  The  seiuitivity  of  this  filter 
technique  to  the  window  width  has  been  investigated  using  a 
steady  flow  velocity  ugnal.  Figure  2  shows  the  high  and  low 
frequency  fluctuation  intensity  as  function  of  the  window 
width.  The  window  width  is  ^fined  by  the  amplitude  ratio 
between  the  local  enveloppe  1/x  and  the  centra  peak.  For 
satisfactory  resulu.  a  minimum  window  width  of  0.05  has 
been  retained. 
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Figure  2:  Evolution  of  the  high  ind  low  frequency  fluctuation 
in  function  of  the  window  width  * 


On  figure  3  a  comparison  of  this  sin  xlx  window  filler 
with  a  classical  FFT^verse  FFT  technique  is  showiL  The 
result  is  very  good  for  the  whole  range  of  cut-off  frequencies. 

The  figure  4  shows  this  sqtaraiion  in  3  components 
for  a  steady  jet  at  different  radial  positions  in  the  jet  at 
xlD=*AO.  It  can  be  noticed,  that  the  main  part  of  the  turbulent 
energy  is  contained  in  the  fluctuations  with  a  typical  time 
scale  greater  than  the  local  integral  scale  of  the  turbulence. 

Spectral  analvsis.Two  different  spectral  analysis 
methods  have  been  applied  to  study  the  tune  evolutian  of  the 
spectral  energy  density. 

i  -  A  classical  periodogram  technic 

ii  -  An  auto  regressive  method  (Mdthode  de  Fougbre) 
implemented  by  D.  Veynante  (see  Veynante  and  Candel 
(1988)). 


Figure  3:  Comparison  between  siruc/x  filler  and  FFT  filler 


To  obtain  a  time  evolving  spectrum,  a  square  window 
was  used.  The  duration  of  die  window  was  chosen  greater  than 
the  jet  local  time  scale  in  order  to  resolve  the  low  frequency 
components.  The  obtained  spectrums  were  then  phase 
averaged  over  all  the  realizatioiu  of  the  compressimi  at  the 
spatial  location  considered. 


velocity  fluctuations  for  steady  jet  flow  at  xlD^Q 


The  advantage  of  the  second  technique  is  that  the 
signal,  which  is  only  kiwwn  for  a  limited  time  duration,  is 
first  modeled  for  longer  time  duration  by  using  modem 
filtering  and  optimization  schemes.  The  spectral  analysis  is 
then  performed  on  the  modeled  signal  and  is  very  adapted  to 
time  dqiendent  frequency  analysis  (Marple  (1987)). 


3.  RESULTS 
3.1  Mean  velocities 

Figure  S  shows  the  radial  velocity  profile  at  xiD»\0. 
The  velocity  is  decreasing  proportional  to  the  densit)'  rise  in 
the  chamber  because  of  the  constant  mass  flow  ihrMgh  the 
sonic  aperture  in  the  ejection  system. 


velocity  U(l)  at  x/D^lO  during  compression 


The  t»n-dimeiuional  velocity  profile  presemed  in 
figure  6  riiows  only  a  slight  deviation  from  the  proflle  at  the 
beginning  of  the  compression.  This  proves  that  the  velocity 
decrease  it  quasi  sutionary  as  predicted  fw  this  sxiid 
distance  by  the  dimeiuional  analysis  presented  in  a  previous 
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paper  (Nuglisch  et  al.  (1991)).  Further  downstream  an 
unsteady  behavior  should  be  observed  due  to  the  strong 
increase  of  the  characteristic  tune  scale  of  the  mean  flow. 


We  are  now  presenting  the  radial  profiles  of  the  mean 
velocity  at  xlD^40.  The  dimensional  analysis  had  shown 
that  this  position  should  clearly  show  an  unsteady  behavior 
of  the  compressed  jet  flow  (Bor£e  (1990)). 

The  non  dimensional  mean  velocity  profile  at 
x/D=40  shows  a  clear  and  progressive  increase  of  the  jet 
diameter  during  the  whole  compression  phase  (figure  7). 


dimensional,  during  compression 


On  the  contrary,  a  velocity  profile  measured 
perpendicular  to  the  compression  axis  showed  a  different 
behavior.  The  half'velocity  diameter  of  the  jet  remains 
constant.  This  becomes  more  evident  in  figure  8,  where  the 
half-velocity  diameter  of  the  jet  as  function  of  the  time  has 
been  visualized  for  two  perpendicular  profiles  at  je/D=40.  It 
can  be  seen,  that  the  jet  is  axisymmetric  at  the  beginning  of 
the  compression,  but  it  loses  progressively  this  symmetry 
because  of  the  increasing  jet  diameter  in  the  direction  aligned 
with  the  compression  axis.  This  behavior  can  be  explained 


considering  that  the  compression  axis  and  the  rotating  axis 
of  the  main  large  scale  structure  of  the  jet  are  orthogonal  fw 
structures  in  the  compression  plane  (  Y  plane)  and  aligned  for 
structures  in  the  Z  plane.  Analytical  computation  of  the 
interaction  between  a  given  vortex  and  compression 
effectively  shows  that  the  interaction  is  maximum  wlien  the 
compression  and  rotation  axis  are  orthogonal  and  null  when 
these  axis  are  aligned. 


t  Is) 


Figure  8;  Variation  of  the  jet  half-width  at  xJD  =  40  during 
compression 


3.2  Turbulem  fluctuations 

As  shown  in  figure  S,  the  mean  velocity  decreases 
during  the  compression  due  to  a  constant  mass  flow  at  the 
nozzle  exit  At  x/D=lO  the  turbulence  intensity  shows  nearly 
no  modifications  during  the  compression  (see  figure  9).  This 
is  coherent  with  the  hypothesis  of  quasisteady  flow  a:  this 
location.  At  x/D=40  the  turbulence  intensity  is  increasing 
strongly  (figure  10). 

The  figure  11  shows  the  influence  of  the  variable  cut¬ 
off  frequency  on  the  separation  of  the  two  fluctuating 
components  during  compression. 

The  results  obtained  with  an  variable  cut-off 
frequency  equal  to  the  local  instantaneous  integral  time  scale 
of  the  turbulence,  show  an  increase  of  the  intensity  of  both, 
the  low  and  the  high  flequency  components  (see  figures  12 
and  13). 

It  can  be  noticed  that  the  intensity  of  the  low 
frequency  fluctuation  shows  a  radial  distribution  comparable 
to  the  radial  distribution  of  the  total  fluctuation.  On  the 
contrary,  the  high  frequency  fluctuations  are  distributed 
homogeneously  over  the  jet  profile  during  compression. 

The  result  that  the  high  frequency  fluctuations  were 
affected  nearly  as  strongly  as  the  low  frequency  fluctuations 
by  the  compression,  was  a  quite  astonishing  result,  but  it 
conflrms  the  theoretical  results  of  Cambon  et  al.  (1992).  In 
order  to  get  more  detailed  information,  a  spectral  analysis 
has  been  performed  (figure  14).  The  velocity  spectra  conflrm 
the  findings  presented  above.  The  fluctuation  energy  density 
is  increasing  over  the  whole  spectrum  during  compression. 


Figure  7:  Radial  mean  velocity  profile  at  x/D  =  40,  non- 
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Figure  9:  Evolution  of  the  turbulence  intensity  during 
compression  at  xtD  =  10  ^ 


Figure  12:  Evolution  of  the  low  frequency  fluctuation 
intensity  at  xJD  =  40 


Figure  10:  Evolution  of  the  turbulence  intensity  during 
compression  at  xlD  =  40 


Figure  13:  Evolution  of  the  high  frequency  fluctuation 
intensity  at  xJD  =  40 


Figure  11:  High  and  low  frequency  fluctuations  during 
compression.  Comparison  between  constant  cut-off 
frequency  and  instantaneous  integral  scale 


Figure  14:  Evolution  of  the  spectral  distribution  of  the 
turbulent  energy  density  of  the  radial  velocity  component 
during  the  compression.  x/D=40,  ensemble  mean  over  SO 
realizations. 


4.  CX5NCLUSION 

We  have  presented  different  data  reduction  methods 
for  unsteady  turbulent  flow.  These  techniques  allow  a  more 
detailed  analysis  of  transient  flow  by  monitoring  the 
evolutions  of  the  mean  velocities,  the  energy  of  the 
turbulent  fluctuations  with  scales  greater  and  smaller  than  the 
integral  scale  and  at  the  end  the  spectral  analysis  as  most 
detailed  tool. 

The  main  result  of  our  investigation  is  that  the  jet 
now  is  strongly  affected  during  the  compression. 

Initially  axisymmetric,  the  jet  diameter  increases  in 
the  direction  of  the  1-D  compression.  At  z/O=40  this 
increase  is  as  important  as  30%  of  the  initial  diameter.  This 
global  behavior  can  be  explained  by  an  enhanced 
entrainment  mechanism. 

The  most  important  result  from  these  investigations 
is  that  the  increase  of  the  turbulent  energy  density  during  the 
compression  is  distributed  over  the  whole  ^turbulence 
spectrum.  73us  result  agrees  with  results  from* theoretical 
work  carried  out  at  the  Ecole  Centrale  Lyon. 
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ABSTRACT 

* 

In  order  to  study  the  characteristics  of  flow  and  particle 
diameters  in  the  unsteady  spray  tfom  an  air  assisted  fuel 
injector  in  the  atmospheric  condition  has  been  analyzed  using  a 
phase  Doppler  anemometer  (PDA).  In  the  experiments,  the 
frequency  of  injection  is  SOHz,  the  pressures  of  both  fuel  and 
air  are  changed  in  three  steps.  Kaxlial  and  axial  distributions  of 
bulk  velocity  and  Sauter  mean  diameter  of  spray  particles  are 
obtained.  It  is  found  that  the  profile  of  mean  velocity  is  close  to 
the  noimal  distribution  and  the  Sauter  mean  diameter  of 
droplets  in  the  spray  is  as  small  as  20  to  30|im.  The  log- 
hyperbolic  function  (LHF3)  has  also  been  applied  to  the  spmy 
and  the  characteristics  of  the  distribution  of  spray  particle  sizes 
ate  represented  clearly  by  the  three  parameters  of  the  LHF3. 

1.  INTRODUCTION 

Improving  combustion  of  gasoline  engine  is  one  of  the 
important  problems  for  conservation  of  the  global  environment 
and  effective  use  of  fossil  resources.  Various  methods  of  fuel 
injection  system  have  been  proposed  since  combustion  of  spark 
igmtion  engme  is  affected  by  the  mixture  formation  processes 
depending  on  the  form  and  characteristics  of  fuel  spray  and  by 
the  injection  timing.  Recently,  air  assisted  fuel  injector  has 
been  used  for  gasoline  engine  with  lean  fuel/air  mixture  to 
improve  the  fuel  consumption  and  NOx  emission. 

Presently,  a  phase  Doppler  anemometer  (PDA)  has  been 
successfully  applied  to  characterize  the  fuel  sprays  for  Diesel 
engine  [Hosoya  &  Obokata  (1992,  1993a,  1993b  ),  Obokata  & 
Long  (1994),  Bnmello  et  al.  (1990),  Coghe  &  Cossali  (1992), 
Arcoumanis  et  al.  (1992),  Pitcher  &  Wigley  (1992),  Ozdemir 
( 1 992)1  tuid  gasoline  engine  {Kobashi  et  al.  ( 1 990),  Vannobe]  et 
al.  (1992),  Obokata  et  al.  (1993)|.  So,  to  study  characteristics 
of  flow  and  particle  diameters  in  the  spray  initiated  from  air 
assisted  injector,  unsteady-  fuel  spray  in  the  atmospheric 
condition  has  been  analyzed  using  the  PDA  and  compared  with 
steady  spray  and  ordinary  pintle  type  fuel  spray. 


2.  EQUIPMENT  AND  METHOD  OF  EXPERIMENTS 
2. 1  Fuel  Injection  System 

Figure  I  shows  the  outer  mixing  type  air  assisted  fuel 
injection  nozzle  which  was  mounted  on  a  pintle  type  fuel 
injector.  The  fuel  was  intermitted  by  the  pintle -however  the 
assisted  air  continuously  flowed  in  the  nozzle  The  nozzle  outlet 
was  2inm  in  diameter.  In  experiments,  the  frequency  of 
injection  was  SOHz,  the  pressures  of  fuel  were  147,  250  and 
S88kPa  and  the  pressures  of  air  were  9g,  147  and  l%kPa.  The 
alternative  fuel  of  Laws  (Shell)  wns  used  for  injection  instead 
of  gasoline.  Physical  properties  of  Laws  are  listed  in  Table  1 . 
Figure  2  shows  a  schematic  diagram  of  the  injection  tester  used 
in  this  experiment. 


Table  1  Physical  properties  of  fuel  (Laws) 


Density 

6/cm-’ 

0.794 

Surface  tension  (  20*  C  ) 

N/in 

2.64  xfO-' 

Kinematic  viscosity  (  20*  C  ) 

nua‘/i 

1.08 

Coefficient  of  cubical 
expansion  (  25*  C  ) 

( *0-’ ) 

8x  10-< 
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^*p\  1 

F/F 

1  ( 

D/Re 

L— — 

H 

1  \ 

:ont.  i 


Cont.  2  [  - 

-jEncoder  yotorj-* 


^Computer 

F/I  Fuel  Injecter  Cont.l  SCEED-INJ.  Controller 
F/F  Fuel  Filter  Cont. 2  SCEED-I6N.  Controller 
F/P  Fuel  Pimp  P  Pressure  Pickup 


F/Tank  Fuel  Tank  0/Re 
P/Re  Pressure  Resistor 


Dropping  Resistor 
A/F  Air  Filter 


Fig.  3  Time  series  of  droplets  size  and  velocitv' 

(Air  assisted  injector,  z=50mm,  r=Omm.  Pa=147kPa, 
Pf=250kPa,  A  t=2.5ms,  g=5.  Img/strokc) 


Fig.  2  Schematic  diagram  of  experimental  apparatus 


2.2  Phase  Dealer  Anemometer 

The  phase  Doppler  particle  analyzer  (PDPA)  made  by 
Aerometrics  was  used  to  measure  the  particle  diameter  and  flow 
velocity  of  the  spray.  The  diameter  of  the  measuring  volume 
was  adjusted  to  mote  than  five  times  the  maximum  particle 
diameter,  to  remove  measurement  errors  which  would  be 
alTected  by  '  As  Gaussian  distribution  of  intensity  of  the  incident 
beam  (Grehan  et  al.  (1991)].  The  diameter  of  the  measuring 
volume  used  in  this  experiment  was  about  l).7mm  and  the  total 
intersection  angle  of  incident  beams  was  3.4’  and  forward 
scattering  mode  was  used  with  the  detector  inclined  by  30* 
from  the  axis  of  the  incident  beams. 


3  RESULTS  OF  EXPERIBffiNTS  AND  DISCUSSION 
3. 1  Distributiwi  of  Particle  Diameter  and  Velocity  of  the  Spray 

Time  series  of  droplets  diameter  and  velocity  measured  at 
z=50inm  on  the  spray  center  line  (t=0mm)  ate  plotted  m  Figure 
3  where  the  air  pressure  Pa=147kPa,  the  tuel  pressure 
Pf*250kPa,  valve  opening  duration  At=2.5ms,  the  amount  of 
fuel  g=5. 1  mg  in  each  injection  cycle  arxl  the  flow  rate  of  the  air 
Q=0.255N«s.  The  maximum  data  rate  is  about  20kHz  at  the 
spray  and  the  mean  data  rate  is  5kHz  in  this  measuring  pomt. 
We  assume  that  the  z-axis  is  the  direction  in  which  the  sjxay 
advances  and  that  the  radius  r  is  perpendicular  to  the  z-a.\is. 


Fig.  4  Phase  r  tched  plot  of  droplets  size  and  velocity' 


Figure  4  is  ensemble  plots  of  velocity  and  size  of  particles 
where  the  time  axis  of  Figure  3  was  converted  into  the  injection 
phase  angle.  The  ensemble  averaged  mean  velocity  (Vm  m/s) 
and  the  Sauter  mean  diameter  (D3J  pm)  of  the  spray  are  shown 
in  Figure  5-a)  and  -b).  The  highest  Vm  and  the  lowest  D3;  were 
observed  near  the  front  part  of  main  spray  cloud. 
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Fig.  8  Dimensionless  expression  of  mean  velocity 

Figures  6  and  7  show  the  radial  distributions  of  mean 
velocitv  and  the  Sau;  sr  mean  diameter  respectively  observed  at 
a  few  axial  positions.  Three  types  of  ^iray  flows,  the  air 
assisted  mteiminent  spray  (A-a  unsteady,  ftiel  flow  rate 
g=5  1  mg/cycle)  or  steady  spray  (A-a  steady,  g'=l  84g/s)  and 
pintle  type  mterminent  spray  (P  unsteady,  g^.Smg/cycle),  are 
compared  each  other.  At  the  intermittent  air  assisted  spray, 
wider  and  axisyiiunetric  distributions  ot  Vm  and  D32  are  shown. 
Inverse  distribution  panem  between  Vm  and  D32  are  observed 
here  as  described  in  Figure  3,  i.e.  Vm  decreases  altmg  axial 
direction  however  D32  increases.  In  the  steady  air  assisted 
sprav  which  was  produced  by  the  same  injector  of  unsteady 
•  spray  injector  by  valve  iqiening  duration  At=ao,  spny  flow 
pattern  was  not  suble  and  the  peak  of  velocitv  profile  was 
radiallv  shifled  along  the  axial  direction.  A'  e  times 

bigger  particles  with  the  narrower  velocity  disu  Turn  the 

air  assisted  spray  are  shown  in  the  spray  from  lii  ntle  type 
njector 
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Fig.  9  Radial  distribution  of  Sauter  mean  diameter 

Figure  8  show's  the  distributiwis  of  mean  velocity  where 
the  velocity  and  radius  are  made  dimensionless  respectively  by' 
the  maximum  velocity  (Vo)  at  the  a.\is  and  by  the  half-value 
width  (r;,,)  of  the  velocity  distribution  curve  From  here  we 
find  that  the  three  data  sets  are  close  to  a  normal  distribution. 
The  fact  that  velocity  measurements  at  the  outskirts  of  the  spray 
were  greater  than  flic  normal  distribution  was  attributed  to  the 
effect  in  LDA  measurement.  Figure  9  shows  similar 
results  for  the  size  distributions  where  only  the  lateral  axis  is 
made  dimensionless  using  from  velocity  distribution  of 
Figure  8  The  change  of  non  dimensional  widths  of  ^ay 
distribution  along  the  axial  direction  is  small  in  each  spray. 

Effects  of  fuel  flow  rate  (g)  on  the  mean  velocity  and  the 
Sauter  mean  diameter  of  spray  from  air  assisted  injector  are 
shown  m  figure  10  and  1 1.  Increased  Vm  and  D3:  are  observed 
along  with  increased  fuel  flow  rate  and  the  effect  of  air  pressure 
(Figure  Id)  is  greater  than  that  of  fuel  pressure  (Figure  1 1). 
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Vn  -o- P««C.098MP«  Q32— i>~  P«H).098MP« 
-a- P«-0.14aMP«  -OPa>0.147MPa 


Fig.  10  EtTects  of  injixtion  condition  on  the  spr^' 
characteristics  (Pf=constant) 

Vn  -<>-Pf*0.l47MPa  D32  — >‘Pf-0.147IylPa 

-O-  Pf>0.250MPa  P1H>.2S0MPa 


Fig.  1 1  ElTects  ol'  injection  condition  on  the  spray 
characii'i  i  -.i .  s  iPa=constant) 

3.2  Divided  t .  of  he  Spray 

It  IS  ditTicult  for  PDA  measurement  to  catch  all  of  the 
spray  every  time  and  particles  were  measured  at  a  rate  of  about 
20kkz  of  etfective  dau  rate  Thus,  the  data  was  represented  by 
ensemble  averages  for  varying  crank  angle.  Figure  12  is  re-plot 
of  Figure  4  where  total  number  of  data  was  40(K).  The  authors 
tried  to  represent  the  spray  by  dividing  the  spray  to  the  central 
part  (C)  which  corresponded  to  the  central  to 5/3  width  ot  the 
half  value  duration  (to  s)  of  spray  velocity,  the  fore  to  ^/3  part  (F). 
the  rear  2to</3  part  (R)  and  the  remained  tail  part  (T).  The 
divisions  are  shown  in  Figure  12.  Figures  13  A,  F  through  T 
show  the  correlation  plots  of  particle  size  and  velocity 
calculated  from  the  same  data  as  Figure  12.  The  data  S 
corresponds  the  same  air  assist  spray  in  steady  state  injection 
and  the  data  P  shows  the  s'pray  from  the  pintle  nozzle  In  A, 
where  all  the  spray  data  was  used,  it  can  be  seen  that  the  larger 
particles  have  smaller  velocities  at  small  size  range.  This 
distribution  is  unusual  compared  with  that  of  a  common  steady 
spray. 


Phase  /  (deg. ) 


Fig.  12  Division  of  intermittent  spray 
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Fig.  1 3  Correlation  between  droplets  size  and  velocity 
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The  individual  distribution  diagrams  reveal  that  larger 
particles  have  higher  velocities  ui  average  except  at  the  tail  part 
T  where  the  fuel  on  the  mixing  chamber  wall  was  blown  otV  by 
the  air  and  negative  ccarelation  would  be  detected.  The  unusual 
correlation  of  A  will  be  caused  by  the  negative  conelation  of  T. 

Figures  14  to  16  show  the  z  axial  distribution  of  the  mean 
velocity  (Vm)  and  the  Sauter  mean  diameter  (D]])  m  each  part 
of  spray  The  changes  in  the  mean  velocity  and  the  Sauter  mean 
diameter  of  particles  for  all  spray  (A)  m  the  axial  direction  have 
been  approximated  by  simple  formulae  and  plotted  m  each 
figure.  In  Figure  IS,  decreasing  ratio  of  axial  spray  jet  velocity 
is  about  1 .6  times  smaller  than  that  of  air  jet. 


3  3  Evaluation  of  the  Distribution  of  Particle  Sizes  with  a  Log- 
Hyperbolic  Function 

The  log-hyperbolic  function  has  been  reconsiilered  recently 


pCu  et  al.  ( 1991  )J  as  one  of  the  functions  used  to  represent  the 
distribution  of  particle  sizes.  It  has  been  reported  that  the 
function  provides  a  good  approximation  foi  Diesel  sprays  [Long 
et  al.  (1994)].  This  method  plots  the  particle  sizes  and  number 
density  distribution  on  a  diagram  of  logarithmic  scales  and  are 
approximated  with  a  hypertolic  curve.  It  is  considered  that 
deviation  ui  the  distribution  of  particle  sizes  and  average 
particle  size  can  be  evaluated  from  the  angle  (a)  of  opening  of 
the  hyperbolic  curve,  inclination  (0)  of  its  axis,  and  horizontal 
rjwdinate  (p)  of  its  peak  Here  we  apply  the  three-parameter 
log-hyperbolic  function  (LHF3)  to  the  distribuutxi  of  spray 
particle  diameters  measured  in  varying  part  of  unsteady  spray 
Figure  17  shows  the  comparison  between  measurements  (o)  of 
the  distribution  of  all  parucle  diameters  (A)  along  the  central 
axis  of  unsteady  spray  with  LHF3.  Results  of  LHF3  applied  for 
spray  particles  from  the  pmtle  nozzle  are  also  plotted  here  The 
functional  approximation  tismg  LHF3  was  good  in  all  cases. 

Figure  18  shows  changes  of  the  parameters,  a,  B  and  p,  of 
particle  size  distributitm  in  the  axial  direction.  Large 
MnWM-fK  wider  distribution,  more-negative  uiclination  and 
larger  mean  diameter  arc  observed  m  spray  flow  from  pintle 
nozzle.  Thus,  characteristics  of  the  distribution  of  spray  particle 
sizes  were  represented  clearly  with  the  three  parameters  ol 
LHF3. 

4  CONCLUSIONS 

1 .  The  ensemble  averaged  mean  velocity  ( Vm  m/s)  and  the 
Sauter  mwm  diameter  (Dj;  pm)  of  the  air  assisted  fuel  spray 
are  obtained  and  the  highest  Vm  is  30  to  lOm/s  and  the  lowest 
D^-i  is  20  to  30  pm  are  observed  near  the  front  part  ol  the  spray. 

2.  Dimensionless  radial  distribution  of  axial  mean  velocity 
of  the  sjaay  is  close  to  the  normal  distribution. 

3.  The  changes  of  Vm  and  D3;  for  all  spray  in  the  axial 
direction  are  approximated  by  simple  formulas  and  decreasing 
ratio  of  axial  spray  jet  velocity  is  about  1 .6  tiroes  smaller  than 
that  of  air  jet. 

4.  At  the  correlation  between  particle  sizes  and  velocities, 
individual  distribution  diagrams  reveal  that  larger  particles 
have  higher  velocities  in  average  except  at  the  tail  part  where 
the  fuel  on  the  mixing  chamber  wall  was  blown  off  by  the  air 
and  negative  correlation  would  be  detected.  The  unusual 
correlation  of  all  spray  will  be  caused  by  the  negative 
correlation  of  tail  part. 

5.  Increased  Vm  and  D53  are  observed  along  with 
increased  fiiel  flow  rate  and  the  effects  of  air  pressure  is  greater 
than  fuel  pressure. 

6.  Evaluating  the  distribution  of  particle  diameters  with  a 
log-hyperbolic  function  is  found  effective  as  it  described  well 
the  characteristics  of  particle  size  of  the  spray. 
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ABSTRACT 

In  this  work,  atmospheric  microbursts  are  modeled  as 
volumes  of  heavier  liquid  which  descend  through  an  ambiem 
environment  and  impact  on  a  horizontal  surface  representing 
the  ground.  Particle  image  velocimetry  is  used  to  map  the 
evolving  velocity  and  vorticity  fields  present  in  the  flow. 
The  PIV  results  show  a  large  primary  vortex  developing  at 
the  head  of  the  downbursi  fluid.  Large  downward  velocities 
exist  across  the  fluid  inside  of  the  vortex  and  persist  until 
after  the  vortex  impinges  on  the  bottom  surface.  After 
impingement,  the  vortex  intensifies  as  it  expands  radially. 
Very  large  horizontal  velocities  are  found  beneath  and 
upstream  of  the  primary  vortex.  These  velocities  and  the 
associated  radial  gradients  correspond  to  extremely  large 
windshears  in  atmospheric  microbursts.  The  results 
generally  agree  with  dau  from  the  numerical  study  of 
Lundgren.  Yao.  and  Mansour  {JFM,  vol.  239,  1992).  The 
PIV  results,  however,  show  maximum  horizontal  velocities 
occurring  much  earlier  after  vortex  impingement  than  in  the 
numerical  study. 


1  INTRODUCTION 

A  niicrubursi  tor  small-scale  downbursi)  is  an  miense 
concentrated  downdraft  of  "heavy”  air  which  occurs  in  the 
atmosphere.  The  relatively  heavy  air  is  generated  in 
locations  where  rain  or  hail  falls  firom  a  cloud  into  dry  air  and 
rapid  evaporation  occurs.  The  air  is  cooled,  and  its  density 
increases.  The  increased  density  coupled  with  drag  from  any 
remaining  precipitation  produces  a  strong  downward 
velocity  in  the  volume  of  fluid.  As  a  mictoburst  nears  the 
ground,  it  rolls  up  into  a  large  vortex  ring  whii^  then 
spreads  radially  outward  and  generates  large  horizontal  wind 
velocities.  Aircraft  flying  through  downbursts  at  low 
altitudes  can  experience  radical  variations  in  wind  velocity 
("windshear")  which  pose  extreme  hazards. 

Since  atmospheric  downbursts  occur  intermiiienily  at 
fairly  random  locations,  it  has  been  difflcult  to  obtain 
detailed  data  on  their  strength  and  structure.  Two  field 
programs,  NIMROD  near  Qticago  in  1978  and  JAWS  near 
Denver  in  1982,  performed  intensive  Doppler  radar 
measurements  to  document  the  occunence  of  many 
microbursts  of  varying  size  and  intensity.  (Fujita  (1985. 
1986)).  Numerical  studies  have  included  both  large  eddy 
simulations  (LES)  (Proctor  (1988.  1989),  Droegemeier 


(1988))  and  an  inviscid  vmtex  dynamics  model  (Lundgrro  el 
ai.  (19^)).  These  efforts,  which  agreed  well  with  available 
atmospheric  data,  confirmed  the  pretence  of  the  primary 
vortex  ring  and  showed  secondary  vorticity  of  opposite  sign 
developing  along  the  ground  ahead  of  the  primary  structure. 
They  also  showed  that  buoyancy-driven  convection  was  the 
donfinant  mechanism  in  mkrobiirst  propagation. 

Experiments  on  laboratory  scale  thermals  and 
microbursts  include  visualizations  by  Scorer  (1957)  and 
Fujiu  (1986).  The  only  known  quantitative  experimental 
data  are  from  Lundgren,  Yao,  and  Mansour  (1992).  and  Yao 
(1993)  where  a  heavy  cylindrical  volume  of  salt  water  was 
dropp^  into  a  tank  of  fresh  water.  The  dau  include 
propagation  velocities  of  the  micioburst  frant  and  hot  film 
measurements  showing  very  large  velocity  magnitudes  and 
gradienu  near  the  bottom  surface  corresponding  to  the 
downbursi  passage.  Existing  quantitative  experimental  daU 
on  downbursts  is  thus  limited,  and  the  current  experiments 
attempt  to  obtain  high-resolution  two-dimensional  velocity 
fields  in  the  dynamically  evolving  flow.  In  particular, 
velocity  vectors  near  the  ground  are  desired  since,  in  this 
region,  radar  dau  are  noisy  and  numerical  studies  rely  on 
boundary  layer  models. 

In  the  current  experiments,  the  iransiem  slug  flow 
and  scaling  law  of  Lundgren  et  al.  (1992)  is  used.  The 
important  independent  parameters  in  this  flow  are  the 
deuity  difference  between  the  downbursi  and  surrounding 
fluids  Ap,  the  initial  height  of  the  downbursi  above  the  {dau 
Ho.  and  the  volume  of  the  downbursi  parcel  V.  The  scaling 
law  absorbs  these  parameters  into  length  and  time  scales. 
The  dewity  difference  between  the  two  fluids  is  assumed  to 
be  small  enough  that  the  Boussinesq  qrproximation  holds. 
A  characteristic  length  Ro  is  chosen  as  the  equivalent 
spherical  radius  of  the  volume  of  heavy  fluid,  and  a 
characteristic  time  is  chosen  as 


The  appropriiau  Reynolds  number  to  characterize  the  large- 
scale  motion  is  then 

V 
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result  from  s  computed  autocorrelation.  Hettce,  none  were 
interpolated  from  surrounding  interrogation  zones. 


where  vq  s  Ro/Tq.  Lundgren  er  at.  (1992)  found  that  the 
lower  limit  of  the  burst  propagation  velocity  for  Reynolds 
number  invariance  was  3000.  Therefore,  our  experiments  are 
designed  to  exceed  this  value. 


2.  FACILITY  and  PROCEDURE 

The  flow  facility  is  depicted  in  Figure  1.  The  flow  i« 
contained  in  a  large  glass  tank  which  provides  optical  access 
from  the  sides  and  bottom.  In  order  to  minimize  wall  effects, 
the  downburst  fluid  impinges  on  a  raised  circular  plate  that 
allows  heavier  fluid  to  spill  over  its  edges.  The  downburst 
release  mechanism  consists  of  an  aluminum  cylinder  and  a 
solenoid  which  drives  a  piercing  needle.  The  cylinder  has  an 
inside  diameter  of  63.3  mm  and  an  outside  height  of  87.0  mm 
yielding  an  equivalent  spherical  radius  of  38.8  mm.  A  thin 
latex  sheet  is  stretched  over  the  open  bottom  of  the  cylinder 
which  is  then  filled  with  the  heavier  downburst  fluid.  The 
top  of  the  cylinder  contains  30%  open  grea  to  allow 
entrainment  of  ambient  fluid  as  the  downburst  fluid  descends. 
At  the  time  of  release,  the  piercing  needle  travels 
appiuxiniaiely  I  cm  and  bursts  the  latex  sheet.  The  needle 
speed  is  minimized  to  reduce  disturbances  caused  by  the 
bursting  latex. 

In  order  to  achieve  Reynolds  numbers  greater  than 
3000  with  this  facility,  density  differences  between  the 
downburst  and  surrount^g  fluids  of  at  least  3%  are  required. 
The  refractive  index  in  the  two  fluids  must  be  matched  very 
precisely  to  yield  clear  photographic  images  of  the  seeded 
flow  Held.  In  these  experiments,  6%  solutions  of  glycerol  in 
water  and  potassium  phosphate  (KH2PO4)  in  water  were 
chosen  as  the  tank  and  downburst  fluids  respectively 
yielding  Ap  of  3%.  This  combination  yields  excellent  PIV 
results. 

The  flow  field  is  illuminated  by  a  two-pulse  sequence 
from  a  pair  of  frequency-doubled  Stirelite  I  Nd:YAG  lasers. 
The  lasers  are  triggered  externally  during  the  experiment  to 
achieve  variable  pulse  separation.  The  beam  profiles  are 
converted  into  thin  sheets  with  spherical  and  cylindrical 
lenses  of  1  m  and  19.0  mm  focal  length  respectively.  Figure 
2  shows  ihe  optical  set  up.  Since  reversing  flow  occurs 
during  the  downburst  evolution,  spatial  image  shifting 
between  laser  pulses  is  required  to  resolve  directional 
ambiguity  in  the  PIV  photographs.  We  use  a  method  similar 
to  Adrian  (1986)  where  a  rotating  mirror  is  placed  between 
the  photographing  lens  and  the  laser  sheet.  The  minor  is 
mounted  so  that  its  axis  of  rotation  is  vertical,  yielding  a 
hori/.onial  shift.  In  the  current  experiments,  the  time 
between  laser  pulses  is  2  ms.  and  the  shift  velocity  is  0.36 
m/s  in  real  space.  A  custom  circuit  couples  the  timing  of  the 
laser  pulsing,  the  rotating  mirror,  the  solenoid,  and  the 
camera  shutter. 

The  flow  is  seeded  with  T1O2  particles  with  a  specific 
gravity  of  3.3  and  a  nominal  diameter  of  3  pm.  A  standard  33 
mm  camera  (Nikon  N8008s  with  AF  Micto-Nikkor  lens) 
photographs  light  scattered  by  the  seed  particles  at  a 
magnification  of  0.16.  Photographic  negatives  are 
interrogated  with  a  high-resolution  scanner  (Nikon 
Coolscan)  and  software  from  FFD.  Inc.  The  negatives  are 
scanned  at  2000  dpi.  and  64  x  64  pixel  arrays  are  used  for 
each  interrogation  zone.  The  spatial  resolution  of  each 
vector  computed  is  3  nun  in  real  space,  and  the  vectors  are 
plotted  with  a  30%  overlap.  All  vectors  shown  in  the  plots 
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Fig.  1.  Microburst  Facility 


Fig.  2.  Schematic  of  optical  set  up. 
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3  RESULTS 

Sequences  of  instantaneous  velocity  vector  and 
vorticity  plots  are  shown  in  Figures  3  and  4.  The  drop 
height  measured  from  the  bottom  of  the  cylinder  is  Hq/Rq  s 
3.81.  and  the  Reynolds  number  is  3600.  The  time  scale  To  is 
0.36  s.  and  the  velocity  scale  vg  is  0.11  m/s.  In  each  plot, 
the  bottom  row  of  vectors  corresponds  to  inienogation 
regions  with  lower  bounds  approximately  O.S  mm  above  the 
bottom  surface.  (Reflections  prevent  the  interrogation 
regions  from  extending  all  the  way  to  the  wall).  Local 
vorticity  was  computed  by  integrating  the  line  integral  of 
velocity  using  the  8  points  sunounding  each  position. 

The  velocity  plots  show  that  the  flow  is  reasonably 
but  not  completely  axisymmetric.  The  primary  vortex  at  the 
head  of  the  downburst  has  rolled  up  by  T/Tq  =  2.75. 
Beginning  at  this  time  a  second  trailing  vortex  is  also 
apparent.  Thus,  unlike  in  previous  numerical  studies,  the 
vortex  sheet  that  develops  between  the  downburst  and 
ambient  fluid  is  not  smooth  and  continuous  but  unstable  to 
large-scale  perturbations.  As  the  flow  descends,  the  radius  of 
the  primary  vortex  grows  from  O.SRq  to  over  IRfl.  The 
vorticity  levels  in  the  two  structures  remain  fairly  constant 
(Figures  3c  and  4c)  until  the  presence  of  the  plate  is  felt. 
Then,  the  vorticity  in  the  leading  vortex  intensifies  as  it 
expands  radially  and  as  trailing  fluid  continues  to  sweep  past 
it.  Ahead  of  and  beneath  the  primary  vortex,  vorticity  of 
opposite  sign  is  observed,  although  any  coherent  secondary 
vortices  are  small.  The  primary  vortex  maintains  its  height 
as  It  expands.  Meanwhile,  the  trailing  vortex  persists  until 
the  last  frame,  but  does  not  intensify.  It  is  typically  much 
weaker  than  the  leading  vortex  because  the  fluid  upstream  and 
inside  of  it  carries  much  less  momentum. 

The  vector  plots  in  Figure  3  indicate  strong  downward 
velocities  across  the  core  of  the  microburst.  Although  the 
directions  vary  due  to  smaller  perturbations,  the  magnitudes 
are  fairly  uniform.  The  large  velocities  lead  the  primary 
vortex  slightly  before  it  encounters  the  bottom  surface 
(Figure  3c)  and  persist  after  the  vortex  impingement  (Figure 
3d).  The  downward  velocity  vectors  decrease  in  magnitude  as 
the  leading  vortex  expands.  Meanwhile,  the  horizontal 
velocities  beneath  and  behind  the  primary  vonex  become 
large.  Note  also  the  significant  upward  velocities  ahead  of 
the  primary  vortex  which  lift  fluid  (and  secondary  structures) 
away  from  the  wall  (Figures  3e.  3f,  4f).  These  vectors  and 
the  resulting  vorticity  distributions  are  very  similar  to  the 
numerical  results  of  Lundgren  el  al.  (1992)  where  wall 
"friction"  was  included. 

Local  velocity  magnitudes  may  be  observed  more 
readily  in  Figure  5  where  ensemble  averages  of  velocity 
vectors  fur  eight  separate  events  are  shown.  The  first  four 
plots  depict  every  third  row  of  velocity  vectors  computed, 
while  the  last  two  show  every  third  column.  (Note  that 
Figures  5d  and  5e  represent  the  same  time:  T/Tq  =  4.96). 
Since  vortex  size  and  speed  vary  somewhat  from  burst  to 
burst,  the  results  shown  are  obviously  smoothed. 
Nevertheless,  although  irregular  smaller  scale  variations  and 
eddies  are  suppressed  in  these  plots,  the  primary  structure  and 
general  behavior  persist.  The  first  four  plots  emphasize  the 
large  downward  vectors  present  until  T/Tq  =  4.96,  while  the 
last  two  show  the  large  radial  vectors  underneath  and  behind 
the  leading  primary  vortex  ring. 

The  profiles  in  the  first  four  plots  appear  similar  to 
the  numerically  computed  vectors  in  the  inviscid  code  of 


Lundgren  et  at  (1992).  This  result  suggests  that  even 
though  viscous  shear  is  present  in  the  experiment,  it's  effect 
is  small  compared  with  baroclinic  vc-rticity  generation  due  to 
density  gradients.  Two  small  differences  between  the  current 
and  numerical  results  are  evident,  however.  First,  note  that 
in  Figure  5d,  the  downward  velocity  magnitude  decreases 
steadily  with  increasing  radius.  The  numerical  result  shows 
uniform  velocity  magnimdes  across  this  regkm  with  slight 
increases  near  the  vonex  core.  Figure  6  shows  contours  of 
venical  velocity  for  a  single  downburst  at  T/Tq  =  4.96.  Here 
also,  the  velocity  decreases  from  a  maximum  at  r  =  0.  The 
second  difference  is  emphasized  in  this  figure.  Note  that  the 
maximum  downward  velocities  lie  upstream  of  the  primary 
vortex  core  near  y  =  Rq.  At  a  similar  stage  in  the  numerical 
study,  the  maximum  velocities  occur  at  an  axial  position 
closer  to  the  height  of  the  vortex  core.  These  differences 
could  result  from  either  the  absence  of  viscous  effects  in  the 
numerical  study  or  different  initial  slug  geometries.  The 
contours  in  Figure  6  exhibit  further  that  strong  downflows 
persist  after  the  downburst  impact. 

Dau  from  the  ensemble-averaged  vectors  nearest  the 
wall  are  plotted  in  Figure  7.  These  vectors  correspond  to 
heights  of  3  mm  above  the  wall.  Here  we  see  that  ^ter  the 
vortex  touches  down,  there  is  a  very  sharp  rise  in  velocity 
between  the  vonex  core  and  the  wall.  The  velocity  maxima 
occur  at  radial  locations  near  the  vortex  centers,  but  the  exact 
relationships  are  difficultto  pinpoint  due  to  scatter  in  the 
data.  Typically  (also  for  single  burst  profiles)  the  velocity 
remains  high  over  a  range  of  I.SRq  before  decreasing 
sharply  behind  the  vortex.  These  plots  are  similar  to  those 
in  Figure  13  of  Lundgren  et  al.  (1992)  although  the  peaks  are 
not  as  high  due  to  the  averaging  process.  Instaruaneous 
values  near  the  wall  rise  typically  as  high  as  2.4vo  matching 
well  with  the  numerical  values.  Note  that  the  numerical 
results  are  for  surface  velocities  which  should  conespond  to 
maxima  in  the  computed  field.  The  experimental  values 
however  are  averag«l  over  the  region  y  =  0.5  to  5.3  mm. 
Thus,  they  do  not  necessarily  represent  the  ttuucimum  values 
found  in  the  boundary  layer.  The  ensemble  averages  show 
that  high  velocities  persist  up  to  the  third  or  fourth  row  of 
vectors  (Figures  5e.  Sf)  indicating  that  the  vertical  gradient 
above  the  bottom  row  is  not  particularly  sharp. 

Figure  7  reveals  an  important  difference  between  the 
PIV  and  numerical  data.  In  the  numerical  modeL  the  surface 
velocity  under  the  primary  vortex  continues  to  increase  until 
4To  after  touchdown  of  the  downburst.  At  this  time,  the 
vortex  core  is  near  3.5Ro.  In  the  PIV  study,  however,  'I't 
velocity  maximum  under  the  primary  vortex  occurs  slightly 
after  touchdown  (T/Tq  =  4.96)  when  the  vortex  core  is  at 
1 .3Ro-  As  the  vortex  expands  further,  the  veloci^  under  the 
vonex  decreases.  Hence,  as  the  microburst  diverges,  the 
surface  velocities  calculated  in  the  "friction"  mode!  in  the 
numerical  flow  are  not  good  indicators  for  near-wall 
velocities  in  the  experimental  flow.  In  the  future,  PIV  data 
will  be  obtained  for  larger  Rq,  so  that  the  comparison  along 
the  wall  can  be  extended. 


4.  DISCUSSION  AND  SUMMARY 

In  simple  dynamical  models,  downdrafts  and 
horizontal  velocity  gradients  are  seen  as  the  largest 
contributors  to  decreases  in  aircraft  "energy"  or  performance 
(Bowles  (1990)).  The  PIV  results  indicate  that  large 
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Fig.  3.  Instantaneous  velocity  fields  of  simulated  microbuisL  Ho/Ro=3.8I .  Re=3600. 
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Fig.  6.  Contours  of  vertical  velocity  for  a  single  microburst 
at  T^o  =  4.96.  Negative  contours  (dotted)  begin  at  -O.ISvq 
with  succeeding  levels  representing  increases  of  -0.45vo. 
Positive  contours  (solid)  begin  at  0.61vq  with  succeeding 
levels  representing  increases  of  -hO.dSvg. 
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Fig.  7.  Ensemble-averaged  radial  velocities  at  y  =  0.77Ro 

downdrafts  exist  across  the  core  of  the  microburst.  Focusing 
on  the  region  near  the  ground,  strong  downdrafts  begin 
before  impact  of  the  primary  vortex  and  persist  for  l-2To 


before  dissipating.  After  the  downbunt  impact,  large 
horizontal  velocity  gradients  exist.  Shaq)  increases  in 
velocity  occur  near  the  radial  location  of  the  primary  vortex 
core.  Large  velocities  persist  for  a  radial  tfislance  of  I.SR0 
behind  the  vortex  core.  Then,  the  velocity  decreases 
sharply.  The  current  data  suggest  that  aircraft  flying  at  low 
altitudes  are  subject  to  the  greatest  danger  slightly  after 
microburst  touchdown  when  both  contributions  can  be  quite 
large  (i.e.  at  T/Tq  =  4.96).  After  this  time,  sharp  horizontal 
velocity  gradients  and  associated  windshear  persist  to  at 
least  TTo.  the  largest  time  examined  with  PIV. 

Ihe  experimental  resulu  can  be  scaled  to  atmospheric 
values  using  existing  data  from  the  crash  of  flight  DL  191  at 
Dallas-Fort  Worth  aiiport  in  1985.  For  this  downburst. 
Lundgren  et  at.  (1992^  found  Ro  =  0.7  km  and  Tq  «  23  s. 
Thus,  if  the  PIV  results  are  extrapolated,  the  maximum 
downward  and  horizontal  velocities  seen  just  after  touchdown 
are  both  on  the  order  of  70  m/s.  These  extremely  large 
velocities  would  have  very  severe  effects  on  an  aircraft 
approaching  for  landing  since  a  normal  aircraft  ^iproach 
velocity  is  also  about  70  m/s.  The  PIV  results  imply  that 
these  large  wind  speeds  should  decrease  as  the  microburst 
diverges.  Thus,  it  is  not  surprising  that  the  maximum  wind 
speed  measured  at  DFW  by  ground-based  Doppler  radar  (at 
7Ro)  was  only  35  m/s. 

The  PIV  measurements  in  the  buoyancy-driven  flow 
show  reasonable  agreement  with  previous  numerical  studies, 
although  some  key  differences  are  apparent.  Thus  far,  Ihe 
method  allows  the  determination  of  two-dimensional 
velocity  fields  in  a  flow  that  remains  fairly  axisymmetric 
through  its  evolution.  The  ensemble-averaged  measurements 
show  that  the  largest  flow  scales  present  are  repeatable, 
while  examination  of  results  from  individual  bursts  shows 
that  smaller  scale  structures  are  also  repeatable  although 
their  strength  and  location  can  vary  from  case  to  case.  The 
cunent  setup  yields  a  spatial  resolution  of  3  nun  which 
corresponds  to  an  atmospheric  scale  of  90  m.  We  would  like 
to  achieve  a  finer  resolution  in  future  studies  to  gain  a  clearer 
understanding  of  typical  velocity  gradients  near  the  wall  as 
well  as  the  size  and  strength  of  secondary  vortices  occurring 
there.  The  development  and  importance  of  azimuthal 
instabilities  will  also  be  examined  in  future  experintenls. 
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ABSTRACT 

This  paper  presents  results  of  a  preliminary  in¬ 
vestigation  of  the  wake  of  an  inclined  cylinder  at  a 
Reynolds  number  of  391.  The  structure  of  the  flow 
in  the  plane  containing  the  cylinder  axis  and  parallel 
to  the  free  stream  was  investigated  using  flow  visu¬ 
alisation  and  cross-correlation  digital  particle  image 
velocimetry  (DPIV).  A  cell  structure  was  observed  in 
the  flow  and  the  length  scale  of  this  structure  was  ex¬ 
tracted  from  the  DPIV  data.  Iiutantaneous  and  fluc¬ 
tuating  velocity  and  vorticity  fields  were  also  calcu¬ 
lated  and  show  that  a  vortex  pair  travels  downstream 
in  this  plane  of  visualisation. 

1.  INTRODUCTION 

Wake  flows  are  of  considerable  interest  in  engi¬ 
neering,  for  example  in  the  design  of  off  shore  struc¬ 
tures  and  also  in  designing  buildings  to  withstand 
wind  loadings.  The  wake  of  a  circular  cylinder  is  of 
particular  interest  as  it  is  geometrically  simple  and 
also  occurs  frequently  in  engineering  structures. 

The  wake  of  a  cylinder  normal  to  the  flow  has 
been  studied  by  several  authors  over  many  years.  Wu 
et  ol.  (1994),  Williamson  (1988)  and  others  noted 
the  existence  of  streamwise  vortices  in  addition  to  the 
usual  von  Karman  vortex  street.  By  contrast  the  wake 
of  cylinders  inclined  to  the  flow  has  not  been  investi¬ 
gated  to  anywhere  near  the  same  extent.  Most  of  the 
work  in  this  area  has  been  motivated  by  the  applica¬ 
tion  to  missiles  at  angles  of  attack. 

Hanson  (1966)  investigated  the  vortex  shedding 
frequencies  of  cylinders  inclined  at  yaw  angles  from  0* 
to  72*.  He  noted  that  the  Reynolds  number  (based  on 
the  free  stream  velocity  and  the  diameter  of  the  cylin¬ 
der)  at  which  shedding  started  increased  with  increas¬ 
ing  yaw  angle.  Van  Atta  (1968)  repeated  the  work 
of  Hanson  (1966)  to  clarify  the  anomalous  behaviour 


noted.  Smith  ti  al.  (1972)  performed  experimenu  to 
investigate  the  influence  of  yaw  angle  on  pressure  drag 
and  the  near  wake  characteristics  of  a  circular  cyUn- 
der.  They  found  that  the  transition  in  the  wake  from 
Uminxr  to  turbulent  flow  was  promoted  as  the  yaw 
angle  increased  and  that  the  baaing  of  the  behaviour 
of  the  wake  properties  on  the  normal  component  of  ve¬ 
locity  only  was  incorrect.  Knauas  et  al.  (1976)  came 
to  a  similar  conclusion  in  their  experiments  on  circular 
cylinders. 

Ramberg  (1983)  investigated  wake  flows  for  cylin¬ 
ders  at  yaw  angles  of  0*  to  60*  and  Reynolds  numbers 
of  150  -  1100.  His  results  were  very  sensitive  to  the 
end  conditions  used  including  free  ends  and  end  plates. 
Wardlaw  and  Yanta  (1984)  used  a  laser- Doppler  ve- 
locimeter  to  measure  the  wake  flow  of  a  tangent  ogive 
model.  The  Reynolds  number  was  1.5  x  lO'*.  Sur¬ 
face  pressure  measurements  were  also  made.  Their 
results  showed  the  existence  of  two  small  secondary 
vortices,  one  on  each  side  of  the  model,  as  well  as  the 
primary  vortices.  Poll  (1985)  investigated  transition 
in  the  boundary  layer  on  the  windward  side  of  a  yawed 
cylinder  and  showed  that  yaw  destabilises  the  laminar 
flow  on  the  windward  surface  of  the  cylinder. 

Shirakashi  et  al.  (1986)  investigated  vortex  shed¬ 
ding  from  cylinders  inclined  at  angles  of  0*,  30*  and 
45”  and  Reynolds  numbers  from  800  —  55000.  They 
used  flow  visualisation  and  a  hot-wire  to  investigate 
the  flow.  Their  flow  visualisation  results  showed  that 
the  flow  around  a  yawed  cylinder  is  highly  three- 
dimensional  and  that  any  applicability  of  the  cosine 
law  for  vortex  shedding  was  incidental.  They  also  con¬ 
cluded  that  the  secondary  flow  in  the  wake  behind  t.he 
cylinder  damaged  the  regularity  of  the  vortex  shedding 
and  reduced  its  frequency. 

Van  Tuyl  (1988)  used  a  vortex  filament  approach 
to  model  the  flow  past  a  missile  at  angles  of  attack 
of  10*  and  19*.  The  results  showed  good  agreement 
with  the  experimental  data.  Bull  and  Dekkers  (1989) 
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examined  vortex  shedding  from  cylinders  with  very 
targe  aspect  ratios  at  small  yaw  angles  (0—  10”).  They 
found  that  vortices  were  shed  at  much  smaller  angles 
than  previously  thought.  The  same  authors  (Bull  and 
Dekkers,  1992)  showed  that  as  the  yaw  angle  of  a  long 
cylinder  was  decreased  from  45*  to  8*,  rolling  up  of 
the  separated  shear  layer  was  delayed  and  at  3.5*  was 
in  excess  of  100  cylinder  radii.  Susuki  (1991)  stud¬ 
ied  the  computed  flow  fleld  of  a  high  angle  of  attack 
cone-cylinder.  Topological  techniques  were  used  to 
characterise  the  flow. 

Degani  (1992)  examined  the  flow  over  an  ogive 
cylinder  at  angles  of  attack  of  40*  and  60*.  He  found 
that  there  were  at  least  two  main  frequencies  in  the 
flow;  a  low  frequency  associated  with  the  primary  vor¬ 
tices  and  a  high  frequency  associated  wit^  fluctuations 
in  the  shear  layer  near  the  body  surface.  De  Ponte 
(1992)  investigated  the  flow  around  a  yawed  cylinder 
and  showed  that  the  wake  vortex  structure  was  dif¬ 
ferent  from  vortex  to  vortex.  They  also  noted  that 
the  roll-up  of  the  vortex  sheets  is  first  dominated  by 
a  Kelvin- Helmholts  instability. 

Cross-correlation  digital  particle  image  velocime- 
try  (DPIV)  is  a  recent  development  in  velocity  vector 
field  measurement  techniques.  The  cross-correlation 
DPIV  analysis  of  single-exposed  multiple  images  al¬ 
lows  unambiguous  determination  of  the  velocity  di¬ 
rection  and  a  better  dynamic  range  than  the  classi¬ 
cal  auto-correlation  or  auto-spectrum  DPIV  technique 
(Soria  1994).  Auto-correlation  or  auto-spectrum 
DPIV  is  restricted  by  the  particle  sue  at  the  low  end  of 
the  dynamic  range  and  typically  requires  image  shift¬ 
ing,  during  multi-exposure  of  the  image,  to  determine 
the  flow  direction  unambiguously. 

The  present  work  uses  a  time  resolved  cross¬ 
correlation  DPIV  to  investigate  the  spatio-temporal 
evolution  of  the  near  wake  of  an  inclined  cylinder. 
Measurements  of  mean  and  fluctuating  velocity  vec¬ 
tor  fields  and  out-of-plane  vorticity  fields,  as  well  as 
statistical  information  and  Reynolds  stresses,  are  pre¬ 
sented  to  illustrate  the  current  possibility  of  this  mea¬ 
surement  system  using  presently  avmlable  image  ac¬ 
quisition  and  computer  hardware. 

2.  EXPERIMENTAL  CONDITIONS 

2.1  Water  Tunnel  Set-up 

The  investigation  wsis  conducted  in  a  low-speed 
closed-circuit  water  tunnel  with  a 
244  mm  x  244  mm  x  2000  mm  test  section  as  shown 
in  Figure  1.  The  speed  of  the  water  flow  is  continu¬ 
ously  variable  up  to  a  maximum  of  500  mm/s.  The 
free-stream  turbulence  level  is  typically  0.09%  with 
most  of  the  spectral  content  below  2  Hs. 


The  smooth,  black  painted,  acrylic  cylinder  of 
12.7  mm  diameter  was  supported  at  45*  to  the  oncom¬ 
ing  flow  from  the  top  of  the  working  section  for  the  vi¬ 
sualisations  containing  the  cylinder  axis,  and  horison- 
tally  across  the  working  section  for  the  visualisations 
of  the  plane  at  45*  to  the  cylinder  axis.  The  water  tun¬ 
nel  was  open  at  the  top.  The  length-to-diameter  ratio 
of  the  cylinder  was  27.  The  Reynolds  numbers  inves¬ 
tigated  were  391,  889  and  1697  based  on  the  diameter 
of  the  cylinder.  The  quantitative  measurements  pre¬ 
sented  here  are  for  a  Reynolds  number  of  391  only. 
The  measurements  were  performed  in  the  core  flow  of 
the  water  tunnel  test  section  to  avoid  boundary  layer 
effects  near  the  tunnel  walls. 

2.2  Image  Acquisition 

The  flow  visualisations  and  image  acquisition 
were  undertaken  with  an  argon-ion  laser  sheet  illu¬ 
mination  and  a  Pulnix  TM-865  CCD  camera  and 
recorded  on  a  Sony  Hi-8  video  recorder.  The  CCD 
exposures  per  video  field  were  achieved  by  shuttering 
the  Icuer  beam  with  a  computer-controlled  nm  Model 
LS500A  mechanical  shutter.  This  shutter  has  a  fre¬ 
quency  response  up  to  500  Hs.  A  synchronisation  sig¬ 
nal  from  the  Pulnix  camera  was  detected  by  a  PC  and 
was  used  to  activate  the  mechanical  shutter.  This  al¬ 
lows  single  or  multiple  exposure  of  the  CCD  array  per 
video  field.  The  seeding  particles  used  for  vbualisa- 
tion  of  the  flow  were  Q-CEL  570  hollow  micro-spheres 
with  an  effective  specific  gravity  of  0.7  and  with  a 
mean  particle  sise  less  than  30  pm.  Three  grams  of 
particles  per  cubic  metre  of  water  were  added  to  the 
water  tunnel. 

Frames  from  the  Hi-8  video  tape  were  digitised 
using  Mediasuite  Pro  running  on  a  Macintosh  Quadra 
950.  The  grey  images  were  sent  to  and  analysed  on  a 
Silicon  Graphics  workstation.  Figure  2  shows  a  sketch 
giving  coordinate  details  and  frame  positions  for  the 
present  work. 

2.3  Cross-correlation  Analysis  of  Single  Exposed  Par¬ 
ticle  Images 

The  PIV  ualysis  technique  applied  in  this  inves¬ 
tigation  relies  on  having  available  two  single-exposed 
sequential  images  of  the  seed  particles  in  the  flow. 
If  this  type  of  experimental  information  is  available, 
then  it  is  possible  to  use  a  technique  of  frame-to-frame 
cross-correlation  to  obtun  the  instantaneous  local  dis¬ 
placement.  Cho  and  Park  (1990)  have  formulated  the 
equations  of  the  image  processing  associated  with  the 
cross-correlation  PIV  analysis  in  terms  of  continuous 
variables.  The  PIV  analysis  used  in  the  present  in¬ 
vestigation  is  the  discrete  formulation  of  the  cross- 
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correlation  analysis  and  is  analogous  to  the  formula¬ 
tion  used  by  Willert  and  Gharib  (1991)  in  their  study 
of  a  vortex  ring. 

Two  digital  images  of  seed  particles  in  the  flow 
are  acquired  with  a  time  separation  At.  These  images 
are  represented  by  rectangular  discrete  pixel  intensity 
distributions: 


h(i,j)  and  (1) 

where  0  <  i  <  Af  —  1  and  0  <  j  <  JV  —  1  and  Jlf  x  iV  is 
the  size  of  the  digital  pictures.  In  order  to  determine 
the  local  displacement  in  a  smrdl  region  of  the  flow, 
the  two  discrete  images  /i  and  Ij  are  sampled  using 
a  small  interrogation  window  similar  to  the  more  tra¬ 
ditional  auto-correlation  technique  (Soria  1993).  Al¬ 
though  in  the  present  study  the  sampling  location  in 
both  images  is  coincident,  this  is  not  necessary.  The 
sub-images  of  the  digitised  images  Ii  and  7]  are  de¬ 
noted  by  7,1  and  7,2,  respectively.  For  an  interroga¬ 
tion  window  of  size  m  x  n,  the  discrete  spatisd  cross¬ 
correlation  function  between  both  sub-images  is  de- 
flned  as: 

n-1  m- 1 

^ij(*,ii)  =  -  y)  (2) 

i=0  j=0 

where  0  <  a  <  m  and  0  <  y  <  n  (Bracewell  1986). 
The  discrete  spatial  cross-correlation  function  con¬ 
tains  the  information  of  the  average  displacement  of 
the  particles  in  the  sampled  sub-image.  The  location 
of  the  maximum  value  of  the  spatial  cross-correlation 
function  corresponds  to  the  average  displacement  of 
the  seed  particles  in  the  sampled  sub-image.  The  lo¬ 
cal  average  velocity  is  readily  determined  by  divid¬ 
ing  this  displacement  by  the  time  separation  At  be¬ 
tween  the  capture  of  both  images  and  dividing  by  the 
appropriate  magnification  [pixels/(unit  length)].  In 
the  present  analysis  algorithm  the  normalised  spatial 
cross-correlation  function  defined  as: 


,  _  Er=o^  EjlV  -  a.  J  -  y) 

\/Rii(o,  0)  A/fijj(0i  0) 


is  used.  The  value  of  p(z,  y)  ranges  between  0  and  1. 
A  value  of  p(x,  y)  close  to  1  is  observed  when  many 
particles  in  sub-image  7,i  match  up  with  their  corre¬ 
sponding  spatially  shifted  partners  in  sub-image  7,2. 
Smaller  cross-correlation  peaks  are  also  observed  when 
individual  particle  images  match  up  with  other  parti¬ 
cle  images.  The  highest  correlation  peak  is  considered 
to  represent  the  best  match  of  particles  between  both 
sub-images. 

The  direct  calculation  of  eq.  (3)  is  computa¬ 
tionally  expensive.  Therefore,  in  the  present  anal¬ 
ysis  algorithm,  eq.  (2)  is  calculated  by  using  the 


two-dimensional  discrete  Fourier  transform  (2-d  DFT) 
and  the  convolution  theorem  (Bracewell  1986).  The 
calculation  of  the  2-d  DFT  is  performed  via  the 
fast  Fourier  transform  (FFT).  The  normalised  spatial 
cross-correlation  follows  easily  from  eq.  (3).  Nyquist 
sampling  theorem  associated  with  discrete  sampled 
data  limits  the  maximum  measurable  spatial  displace¬ 
ment  in  any  sampling  direction  to  half  the  interroga¬ 
tion  window  in  that  direction.  In  practice,  a  realistic 
maximum  displacement  is  between  0.2  and  0.3  of  the 
length  of  the  interrogation  window  (Keane  and  Adrian 
1990). 

The  peak  in  the  normalised  cross-correlation 
function  is  initially  found  by  a  search.  A  two- 
dimensional  Gaussian  function  is  then  least  squares 
fitted  around  this  peak  region.  The  location  of  the 
extremum  of  the  functional  fit  allows  the  resolution 
of  the  spatial  cross-correlation  peak  to  sub-pixel  accu¬ 
racy.  This  algorithm  is  capable  of  resolving  displace¬ 
ments  of  0.1  ±  0.06  (95%  confidence  level)  pixels. 

The  accuracy  of  the  cross-correlation  analysis  al¬ 
gorithm  was  established  by  using  computer-generated 
ideal  images  with  Gaussian  intensity  distributions  of 
typical  size  1.5  ±  1  pixel.  The  tests  were  conducted 
with  a  64^  interrogation  window,  as  the  experiments 
were  designed  to  be  analysed  with  this  sise  interro¬ 
gation  window.  The  digital  test  images  were  shifted 
relative  to  each  other  and  analysed.  Overlap  analy¬ 
sis  was  used,  hence  the  1444  samples  of  the  measured 
displacement  are  strictly  speaking  not  independent. 
However,  the  resolution  capabilities  and  uncertainty 
levels  still  provide  a  good  indication  of  the  measure¬ 
ment  capabilities  of  this  system.  The  typical  signal-to- 
noise  ratio  of  the  cross-correlation  analysis  algorithm 
is  70  dB. 

The  quality  of  the  acquired  images  and  the  abil¬ 
ity  of  the  cross-correlation  analysis  to  determine  real 
displacements  accurately  can  also  be  established  by 
applying  the  same  procedure  to  experimentally  ac¬ 
quired  images.  In  this  case  the  digital  representation 
of  a  single-exposed  image  is  shifted  relative  to  itself 
by  a  known  amount  (typically  1-16  pixels).  The  en¬ 
tire  image  is  then  analysed  using  a  64^  interrogation 
window  with  overlap  processing  resulting  in  2479  sam¬ 
ples.  Figure  3  includes  the  results  of  the  accuracy  and 
uncertunty  analysis  for  both  horizontal  and  vertical 
displacements.  Figure  4  shows  a  histogram  for  the 
horizontal  and  vertical  displacements  when  ideal  and 
real  images  were  shifted  by  8  pixels  in  both  directions. 

The  automatic  cross-correlation  analyses  of  the 
experimental  data  yielded  typically  90%  good  vectors. 
A  window  sise  of  64^  with  an  overlap  of  0.8  was  used  in 
all  analyses.  Vectors  were  automatically  rejected  dur¬ 
ing  the  cross-correlation  analysis  if  their  displacement 
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exceeded  0.25  of  the  interrogation  window  sise  or  if 
the  normalised  cross-correlation  peak  did  not  exceed 
0.8.  Erroneous  vectors  were  automatically  removed  in 
the  post-processing.  The  reasons  for  erroneous  vectors 
were  identified  to  be  due  to;  (i)  lack  of  particle  pairs 
in  the  interrogation  window;  and  (ii)  the  presence  of 
high  velocity  gradients  within  the  interrogation  win¬ 
dow.  After  rejection,  vectors  were  replaced  by  a  new 
velocity  vector  which  was  computed  by  a  least  squares 
interpolation  using  the  neighbouring  vectors. 

3.  RESULTS  AND  DISCUSSION 

The  flow  visualisations  show  that  in  the  near  wake 
region  the  mean  flow  direction  is  nearly  parallel  to  the 
cylinder  axis.  This  indicates  that  there  ik  a  pressure 
gradient  along  the  cylinder  from  the  leading  region  of 
the  cylinder  to  the  trailing  region. 

In  the  plane  containing  the  cylinder  axis  and 
parallel  to  the  free  stream,  the  flow  further  down¬ 
stream  had  an  unsteady  cell-like  structure  with  al¬ 
ternate  bands  of  fast  and  slow  flow.  This  was  espe¬ 
cially  noticeable  at  the  lowest  Reynolds  number.  The 
shear  layers  separating  the  fast  and  slow  mean  velocity 
cells  became  unstable  as  the  downstream  distance  in¬ 
creased  and  as  the  Reynolds  number  increased.  This 
instability  manifested  itself  by  the  rolling  up  of  the 
shear  layer. 

The  quantitative  data  presented  here  is  only  for 
the  case  of  the  Reynolds  number  equal  to  391.  Figure 
5  shows  the  mean  velocity  vector  field  near  the  cylin¬ 
der  obtained  by  averaging  99  instantaneous  velocity 
vector  fields.  This  plot  shows  clearly  the  flow  induced 
parallel  to  the  cylinder.  At  the  lower  edge  of  the  fig¬ 
ure  it  can  be  seen  that  there  are  two  positions  along 
the  y  direction  where  the  velocity  is  at  a  maximum. 
These  peaks  are  about  30  mm  apart.  Velocity  pro¬ 
files  corresponding  to  three  positions  in  Figure  5  and 
three  positions  in  the  frame  further  downstream  are 
shown  in  Figure  6.  The  development  of  the  cell  struc¬ 
ture  referred  to  earlier  can  be  easily  seen.  The  auto¬ 
correlation  function  of  the  velocity  profiles  was  calcu¬ 
lated  directly  to  extract  some  information  regarding 
the  length  scale  of  the  cell  structure.  These  curves  are 
shown  in  Figure  7.  The  autocorrelation  for  the  profile 
nearest  to  the  cylinder  was  not  calculated  due  to  the 
insufficient  length  of  the  profile.  The  length  scales  are 
found  to  decrease  from  approximately  2.5  x  diameter 
(approximately  30  mm)  to  about  2.1xdiameter  (ap¬ 
proximately  26  mm)  further  downstream. 

Figure  8(a)  shows  contours  of  the  velocity  in  the  x 
direction  averaged  over  199  velocity  vector  fields  taken 
at  the  downstream  frame  position.  The  mean  vor- 
ticity  was  calculated  using  least  squares  interpolation 


and  is  shown  in  Figure  8(b).  The  rms  of  the  fluctuat¬ 
ing  velocity  in  the  x  direction  is  shown  in  Figure  9(a) 
and  shows  that  the  maximum  values  of  the  fluctuat¬ 
ing  component  occur  in  the  regions  between  the  high 
velocity  cells  as  would  be  expected  as  these  sue  the  re¬ 
gions  with  the  highest  shear.  The  jagged  appearance 
of  the  contours  is  due  to  the  limited  resolution.  The 
Reynolds  shear  stress  contours  are  shown  in  Figure 
9(b). 

An  instantaneous  velocity  vector  field  at  the 
downstream  station  is  shown  in  Figure  10(a)  and  the 
corresponding  velocity  vector  field  with  the  oversil 
mean  velocity  removed  irom  the  x  component  of  ve¬ 
locity  in  Figure  10(b).  The  flow  pattern  relative  to 
an  observer  moving  with  the  mean  velocity  shows  the 
vortical  structures  in  the  flow  which  sue  not  observable 
from  the  instantaneous  velocity  vector  field  in  Figure 
10(a).  The  existence  of  the  vortkal  structures  are  cor¬ 
roborated  in  the  corresponding  out-of-plane  vorticity 
field  shown  in  Figure  11(a). 

The  instantaneous  fluctuating  velocity  vector 
field  was  also  obtained  by  calculating  the  mean  veloc¬ 
ity  vector  field  using  199  instantaneous  velocity  vec¬ 
tor  fields  and  subtracting  this  mean  field  from  the  in¬ 
stantaneous  field.  The  fluctuating  velocity  vector  field 
at  the  same  instant  as  Figure  10(a)  is  shown  in  Fig¬ 
ure  10(c).  The  instantaneous  fluctuating  out-of-plane 
vorticity  is  shown  in  Figure  11(b).  Comparing  the 
instantaneous  vorticity  field  in  Figure  11(a)  with  the 
fluctuating  vorticity  field  in  Figure  11(b)  shows  that 
both  contain  a  clearly  observable  vortex  pair,  which 
from  the  time  evolution  for  the  vorticity  field  is  ob¬ 
served  to  travel  in  the  x  direction,  but  at  an  angle 
to  it.  The  similarity  between  the  instantaneous  and 
fluctuating  out-of-plane  vorticity  fields  also  indicates 
the  highly  unsteady  nature  of  this  flow  and  that  the 
concentrated  vorticity  regions  are  highly  unsteady. 

4.  CONCLUSIONS 

The  near  wake  of  an  inclined  cylinder  was  in¬ 
vestigated  using  cross-correlation  digital  particle  im¬ 
age  velocimetry.  One  hundred  and  ninety-nine  frames 
were  analysed  to  yield  statistical  information  about 
the  flow,  including  mean  and  fluctuating  velocities  and 
vorticity. 

An  interesting  feature  of  this  flow  is  the  cell  struc¬ 
ture  which  was  identified  qualitatively  from  the  flow 
visualisations  and  subsequently  quantitatively  from 
DPIV  results.  This  feature  has  not  been  observed 
in  the  case  of  cylinders  normal  to  the  flow  but  has 
been  observed  previously  for  the  inclined  case.  The 
length  scale  of  the  cells  was  extracted  from  the  mean 
velocity  profiles  by  taking  the  spatial  auto-correlation 
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Dormal  to  the  mean  flow  direction.  This  length  scale 
was  found  to  decrease  with  downstream  distance.  The 
structure  of  the  wake  in  the  visualised  plane  was  em¬ 
phasised  by  subtracting  the  local  mean  from  each  in¬ 
stantaneous  velocity  vector.  The  time  record  of  the 
out-of-plane  fluctuating  vorticity  distribution  showed 
the  periodic  evolution  of  a  vortex  pair  which  moved 
downstream.  The  distance  between  the  two  vortex 
centres  of  the  vortex  pair  was  found  to  be  approxi¬ 
mately  1.3  cylinder  diameters. 
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Fig.  2.  Coordinate  system  and  positions  of  frames. 
Free  stream  flow  is  in  the  x  direction. 
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Fig.  3.  Cross-correlation  PIV  analysis  accuracy;  (a) 
measurement  accuracy;  (b)  measurement  uncertainty. 
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Fig.  4.  Probability  histogram  of  the  measured  dis¬ 
placement  distribution  using  cross-correlation  analysis 
of  a  uniform  8  pixel  shift  in  the  horisontal  and  verti¬ 
cal  directions:  (a)  and  (b)  computer-generated  Heal 
images;  (c)  and  (d)  typical  experiment  images. 
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Fig.  5.  Mean  velocity  vector  field  near  cylinder  at  Re  Pig.  g  (a).  Contour*  of  mean  velocity  in  the  x  direc- 
=  391-  tion.  Contours  range  from  21-28  mm/s. 


Fig.  6.  Mean  x- velocity  profiles  at  Re  =  391. 


Fig  8  (b).  Contours  of  mean  vorticity.  Dashed  con¬ 
tours  —0.7  to  —0.1  8“',  solid  0.1  to  0.7  8~*.  Contour 
level  interval  0.1  s“*. 
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Fig.  7.  Auto-correlation  functions  of  mean  velocity 
profiles  shown  in  Fig.  6. 


Fig.  9  (a).  Contours  of  rms  velocity  in  the  x 
direction.  Contours  range  from  4  to  7  mm/s. 
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Fig.  9(b).  Contours  of  Reynolda  shear  stress.  Dashed 
contours  range  from  —9  to  —1  (mm/s)^,  soUd  contours 
1  to  9  (mm/s)*. 
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Fig.  10  (c).  Fluctuating  velocity  vector  field  field 
corresponding  to  Fig.  10(a). 
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Fig.  10  (a).  Instantaneous  velocity  vector  field  at 
position  2  shown  in  Fig.  2. 
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Fig.  11  (a).  Instantaneous  vorticity  contours. 
Dashed  contours  range  from  -4  to  -0.5  s“‘,  solid 
contours  0.5  to  4  s~^.  Contour  level  interval  0.5  s”'. 
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Fig.  10  (b).  Velocity  vector  field  shown  in  Fig.  10 
(a)  as  seen  relative  to  an  observer  moving  in  the  x 
direction  with  a  velocity  of  25.5  mm/s. 


Fig.  11  (b).  Fluctuating  vorticity  contours.  Contour 
levels  as  for  Fig.  11  (a). 
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PROSTHETIC  HEART  VALVE  USING  PARTICLE  IMAGE  VELOCIMETRY 
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ABSTRACT 


A  study  of  the  local  flow  structure  of  the  fluid 
in  a  pulsatile  flow  behind  a  prosthetic  bileaflet  heart  valve  is 
underway.  In  a  preliminary  study  the  unsteady  flow  structure 
of  the  fully  open  valve  at  constant  flowrate  is  investigated. 
The  objective  of  the  research  is  to  develop  a  better  under¬ 
standing  of  local  flow  patterns,  in  particular  the  relationship 
between  the  local  rate  of  strain  and  vorticity.  With  regard  to 
the  possibility  of  mechanical  hemolysis  (destruction  of 
blood  cells)  a  special  focus  is  directed  to  the  local  dissipation 
of  kinetic  energy  which  is  for  a  Newtonian  fluid  proportional 
to  the  second  invariant  Q,  of  the  rate  of  strain  tensor  S. 

The  present  experiments  are  conducted  in  a  pulse  duplication 
system  and  the  flow  structure  is  analyzed  in  different  view 
planes  by  using  a  panicle  image  velocimetry  (PIV)  tech¬ 
nique.  The  vector  velocity  information  is  extracted  from 
multiply-exposed  photographic  images  of  scattered  light 
from  seed  particles.  The  illumination  source  is  a  continuous 
argon  laser  and  the  pulse  duration  is  controlled  by  the 
programmable  shutter  of  a  novel  video-camera  with  inte¬ 
grated  light  amplifier.  The  optical  measurements  are  con¬ 
ducted  in  a  Newtonian  blood  analog  fluid  where  the  refractive 
index  is  matched  to  the  one  of  the  perspex  test  sections. 


1.  INTRODUCTION 


An  ideal  hean  valve  replacement  can  be  defined  as  one  that 
permits  the  unrestricted,  unidirectional  flow  of  blood  and 
when  implanted  in  a  human  being,  will  not  decrease  the 
quality  or  length  of  life.  Some  of  the  criteria  for  ideal  perfor¬ 
mance  are;  pressure  drop,  valvular  regurgitation,  noise, 
hemolysis  and  thromboembolism.  The  latter  two  are  respon¬ 
sible  for  valve-related  mortality.  Both  are  related  to  non- 
Newtonian  hydrodynamic  effects  which  are  poorly  under¬ 
stood.  From  in  vitro  experiments  of  hemolysis  it  is  well 
known  that  there  exists  a  limit  to  the  stress  load  of  the  blood 
cells.  Therefore,  knowledge  about  the  ma^tude  of  stresses 
in  the  whole  flowtield  and  at  the  boundaries  (valve  surface, 
vessel  wall)  is  very  important.  The  location  of  points  of 
high  stresses  depends  on  the  design  of  a  valve.  Most  of  the 
investigations  related  to  stresses  have  been  conducted  by 
using  single  point  measurements  and  statistical  means.  An 
example  coivceming  these  kind  of  investigations  is  given  by 
Yoganathan  et  al.  (1986)  who  studied  the  wall  shear  stress 
due  to  a  mechanical  valve  in  the  aortic  vessel.  A  recent 
method  for  the  determination  of  mean  velocity  and  fluctu¬ 
ations  in  pulsatile  flow  has  been  published  by  Baldwin  er  cd. 
(1993).  In  the  present  work  an  attempt  is  m^e  to  study  the 
stress  on  the  basis  of  the  local  deformation  of  the  flow  by 
using  the  partial  derivatives  of  the  velocity  field.  The 
approach  is  applied  to  the  flow  of  a  bi leaflet  valve  in  the 
symmetry  plane  at  the  aortic  and  the  mitral  position. 


The  application  of  theories  of  pulsatile  blood  flow  to  the 
flow  in  heart  chambers  or  in  prosthetic  heart  valves  is  very 
limited.  Exact  solutions  to  the  Navier-Stokes  equations  are 
rarely  available  because  the  flowfield  related  to  cardiac  pros- 
theses  is  often  in  a  transitional  stage  and  slightly  three- 
dimensional.  The  design  and  development  of  cardiac  pros- 
theses  has  been  mainly  by  the  application  of  experimental 
facilities.  These  range  in  complexity  from  a  simple  column 
of  fluid  (cf.  Kolff,  19S9)  to  complex  pulse  duplication 
systems  such  as  the  one  reported  by  Pickard  et  al.  (1979). 
The  design  of  an  experimental  facility  for  the  simulation  of 
the  cardiovascular  system  involves  a  thorough  analysis  of 
the  fluid  dynamics  of  pulsatile  flows.  Temple  et  eU.  (1964) 
applied  the  principle  of  dynamic  similarity  to  the  design  of  a 
pulse  duplicator  and  conducted  a  significant  in  vitro  study  of 
the  flow  properties  of  healthy  and  diseased  human  heart 
valves. 


2.  PULSE  DUPLICATION  SYSTEM 

According  to  dimensional  analysis  the  flow  of  the  cardio¬ 
vascular  system  can  be  described  by  nine  independent  physi¬ 
cal  quantities.  The  condition  for  physical  similarity  states 
that  the  values  of  the  resulting  parameters  must  be  tte  same 
for  model  and  original.  As  a  result  it  follows  that  physical 
similarity  is  fiilfllled  only  with  a  1:1  scale  of  model  and 
original.  The  intrinsic  task  for  the  simulation  of  the  cardiac 
cycle  is  to  provide  a  time  dependent  cardiac  output  which 
correr  ponds  to  the  physiological  waveform  of  a  human 
being.  A  feedback  controlled  piston-in-cylinder  pump  is  used 
to  reproduce  the  cardiac  output.  The  pump  is  connect  to  the 
left  heart  ventricle,  which  consists  of  the  actic  and  the 
mitral  test  sections.  Both  are  manufactured  in  perspex  and  in 
the  center  of  each  section  a  prosthetic  heart  valve  is  placed. 
The  contours  of  the  vanes  correspond  to  the  vessels  of  an 
average  human  being  (cf.  Wieting,  1969).  The  generated 
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pressure  waveform  and  the  pulsewave  propagation  speed  is 
determined  by  the  compliance  of  the  large  blood  vessels  and 
the  flow  resistance  of  the  small  capillary  vessels.  In  the 
present  set  up  this  mechanism  is  modeled  by  two  compliance 
elements,  one  each  for  the  arterial  and  the  venous  vessels, 
and  by  two  conventional  flow  resistors.  The  compliances 
consist  of  a  spring  loaded  piston  in  a  cylinder.  Two  springs 
of  different  stiffness  model  the  arterial  and  the  venous  com¬ 
pliances.  The  fluid  capacity  of  the  venous  vessels  can  be 
adjusted  by  using  a  hydraulic  reservoir.  With  the  help  of  a  by¬ 
passed  centrifugal  pump  the  loop  can  be  operated  in  a  steady 
state  mode.  The  arrangement  of  the  flow  loop  and  its  com¬ 
ponents  is  seen  in  the  sketch  of  Fig.l.  Pulsatile  velocity 
measurements  will  be  conducted  in  a  tuned  system  defined  by 
the  aortic  pressure  ratio,  the  flow  rate  and  the  frequency  (e.g. 
1 20/80  mmHg,  S  l/min  and  72  beats  per  minute).  In  order  to 
phase  lock  the  optical  measurement  equipment  with  the 
cardiac  cycle  a  pulse  generator  is  coupled  with  the  pulsatile 
pump  which  provides  an  appropriate  number  of  equally 
spaced  pulses  over  one  cardiac  cycle.  By  this  m':ans  the  flow 
data  can  be  collected  at  specified  times  during  the  flow  cycle. 
The  aortic  and  the  mitral  test  sections  of  the  fluid  loop  are 
shown  on  Fig.2.  Since  both  test  sections  are  manufactured 
of  perspex  the  influence  of  the  flexible  walls  is  ignored. 
However,  an  experimental  study  in  the  aortic  section  of 
Bellhouse  &  Talbot  (1969)  has  shown  that  the  influence  of 
the  flexible  wall  is  of  no  significance  to  the  flow  behaviour. 


3.  BLOOD  ANALOG  FLUID 

Blood  is  a  type  of  connective  tissue  whose  cells  are  suspen¬ 
ded  in  plasma.  Whole  blood  is  slightly  heavier  and  three  to 
four  times  more  viscous  than  water.  A  blood  sample  consists 
usually  of  about  45%  cells  by  volume.  These  include  red 
blood  cells  (erythrocytes),  white  blood  cells  (leukocytes)  and 
platelets  (thrombocytes)  which  play  an  importat  role  in 
blood  cloth  formation.  The  use  of  mammalian  blood  in  fluid 
mechanical  experiments  is  very  difficult  because  of  the  clot 
formation  in  contact  with  artificial  surfaces.  Since  optical 
techniques  are  applied  the  fluid  must  be  transparent,  lliere- 
fore,  a  Newtonian  blood  analog  fluid  with  the  same  viscosity 
as  blood  has  been  used.  This  fluid  is  a  mixture  of  saturated 
aqueous  sodium  iodide  and  25%  glycerin  and  possesses  a 
kinematic  viscosity  of  3.5  cS  at  23°C.  In  order  to  avoid  the 
application  of  optical  correc-tions  the  refractive  index  is 
matched  to  n  =  1.49  of  the  perspex  test  sections  by  adding 
aqueous  glycerin.  The  refractive  index  is  measured  by  a 
conventional  Abbe-Refractometer.  By  using  a  Newtonian 
fluid  the  influence  of  the  cells  on  the  viscosity  is  not  des¬ 
cribed  correctly.  However,  it  is  pointed  out  by  Skalak  et  al. 
(1989)  that  the  non-Newtonian  influence  becomes  important 
if  the  vessel  diameter  is  comparable  to  the  blood  cell  size. 
This  is  the  case  for  the  fluid  mechanics  in  capillaries. 


4.  APPLIED  PIV-TECHNIQUE 

The  applied  PIV-  technique  uses  one  thin  light  sheet  at  90*^  to 
the  imaging  axis  thus  illuminating  only  particles  that  lie  in 
one  plane.  This  approach  provides  a  planar  vector  velocity 
field  and  effectively  filters  out  particles  with  a  significant 
velocity  perpendicular  to  the  light  sheet.  The  amount  of  fil¬ 
tering  is  determined  by  the  thickness  of  the  light  sheet.  There 
is  a  strong  dependence  of  scattered  light  intensity  on  particle 


diameter.  This  dependence  enforces  a  lower  limit  on  particle 
diameter  since  each  light  pulse  must  scatter  sufficient  energy 
to  expose  the  imaging  system.  This  lower  limit  is  coupled 
with  the  magnification  of  the  system  and  the  incident  energy 
provided  by  the  light  source,  l^ere  is  also  an  upper  limit  to 
the  particle  size  enforced  by  the  requirement  of  minimal  slip 
between  the  particle  and  the  fluid.  The  resolution  of  the  flow- 
field  in  the  vicinity  of  prosthetic  heart  valves  basically 
requires  small  particles.  The  laser  light  pulse  frequency  is 
controlled  by  the  shutter  of  the  video-camera.  This  shutter  is 
controlled  by  a  software  via  PC.  On  the  photographic  image 
the  particles  leave  behind  their  'foot  prints'  which  consist  of 
two  or  more  different  scattered  light  points  (principal  and 
tagged).  The  flow  direction  is  given  from  the  small  tagged 
and  the  large  principal  spots.  The  spatial  separation  between 
tagging  and  principal  spots  is  choosen  large  enough  to 
ensure  that  there  is  no  overlap  of  the  images.  Because  of  the 
large  velocity  gradients  perpendicular  to  the  mean  flow  direc¬ 
tion  several  pulse  frequencies  for  the  same  state  of  flow  were 
necessary  in  order  to  track  enough  particles  in  the  vortical 
flowfield.  The  image  is  digitized  directly  by  the  high  density 
line  scan  camera  and  data  analysis  is  carried  out  from  a  digit^ 
picture  of  512  x  512  pixels.  The  spatial  resolution  of  the 
flowfield  is  about  60  nm/pixel.  A  commercially  available 
algorithm  developed  by  Optimage  Ltd.  of  Edinburgh  (cf. 
Grant  &  Liu,  1990)  is  implemented  on  a  PC  and  used  for  the 
data  processing  and  the  analysis.  This  technique  allows 
instantaneous  velocity  vector  fields  to  be  obtained.  The  in¬ 
stantaneous  velocity  fields  are  based  on  the  random  location 
of  the  seeding  particles  in  the  flowfield  and  are  interpolated 
onto  a  structured  grid  for  further  analysis. 

5.  DESCRIPTION  OF  THE  LOCAL  FLOWFIELD 

In  the  present  study  the  stresses  and  the  energy  dissipation 
due  to  viscosity  are  described  not  in  terms  of  statistical  means 
but  in  terms  of  the  local  deformation  of  the  flowfield.  This 
approach  is  based  on  the  assumption  that  the  fluid  motion  is 
locally  describable  by  the  leading  terms  of  a  Taylor  series 
expansion  for  the  velocity  field  in  terms  of  space  co¬ 
ordinates.  The  local  deformation  of  the  flowfield  is  deter¬ 
mined  by  the  partial  derivatives  of  the  velocity  field  which 
form  the  3x3  matrix  of  the  local  velocity  gradient  tensor  W 
(for  details  see  Batchelor.  1967).  The  velocity  gradient  tensor 
may  be  decomposed  in  the  usual  way  into  its  symmetric  and 
antisymmetric  parts  by  W  =  S  -f  R  where  S  is  the  rate  of 
strain  and  R  is  the  vorticity  tensor  respectively.  The  eigen¬ 
values  >.  of  a  second  order  tensor  A  satisfy  the  characteristic 
equation 

X\U%IU  +  III  =  0  (1) 

where  the  three  matrix  invariants  are: 

I  =  -  trace  A  (2) 

n  =  -L  (lrace[A]^  -  trace  [A*])  (3) 

2 

in  =  -det[A]  (4) 

The  quantities  I„  IIs.  Ills  denote  the  invariants  of  the  rate  of 
strain  tensor  S  respectively.  Associated  with  the  three 
independent  components  of  the  vorticity  tensor  R  is  the 
vorticity  vector  b).  It  turns  out  that  a  general  flowfield  is 


37.3.2. 


characterized  by  fundamental  flow  patterns  which  can  all  be 
classified  in  space  of  matrix  invariants.  A  review  of  this  type 
of  analysis  is  given  by  Perry  &  Chong  (1987)  and  Chong  et 
al.  (1988).  Accordingly  the  local  topology  of  an  incom¬ 
pressible  flow  at  a  point  is  described  by  the  second  and  third 
invariants  (ll-III  plane).  Thereby  the  characteristic  equation 
( I )  can  have  either  real  roots  or  a  pair  of  conjugate  complex 
roots.  For  incompressible  flow  (I  =  0)  the  relation 

U1  =  ±  2^L  (.II )«  (5) 

9 

divides  real  roots  from  complex  roots  in  the  II-lIl  plane. 
Complex  eigenvalues  are  associated  with  a  focus  where  local 
trajectories  may  spiral  outwards  (stretched)  or  inwards  (com¬ 
pressed).  The  real  eigenvalues  represent  a  topology  in  the  3D- 
space  which  is  a  combination  of  node  and  saddle  (cf.  Fig. 
6&7). 


6.  DEFORMATION  OF  A  FLUID  PARTICLE 
AND  THE  LINK  TO  HEMOLYSIS 

The  mechanical  dissipation  of  kinetic  energy  due  to  viscous 
friction  is  expressed  in  terms  of  the  dissipation  function 
which  is  defined  as 

0  =  -  4vIL  (6) 

where  v  is  the  kinematic  viscosity.  In  the  case  of  an  incom¬ 
pressible  fluid  and  if  thermal  diffusion  is  negleaed  the  change 
of  internal  energy  u  of  a  fluid  particle  is  given  by 

a'*  ■  m 

It  is  shown  below  that  this  relation  also  plays  an  important 
role  for  hemolysis.  Thereby  it  is  assumed  that  cell  membranes 
possesse  a  strain  energy  function  u  such  that  the  material 
derivative  of  this  function  is  equal  to  the  fluid  stress  power 
per  unit  volume.  According  to  data  of  different  experimenters 
(cf.  Giersiepen,  1988)  the  maximum  shear  stress  t  which  can 
be  applied  to  blood  cells  without  damaging  them  is  dependent 
on  the  loading  time  At.  In  Fig.  3  the  maximum  load  of  shear 
stress  for  the  red  blood  cells  (erythrocytes)  and  the  platelets 
(thrombocytes)  are  plotted  versus  the  loading  time.  Accor¬ 
ding  to  these  plots  the  relation 

t^At  =  constant 

describes  the  cell  behaviour  within  the  time  range  of  interest 
in  good  approximation.  Thereby  the  shear  stress,  the  rate  of 
shear  y,  and  the  second  invariant  of  the  rate  of  strain  tensor  fl, 
are  related  as 

-  II.  .  (9) 

The  combination  of  (6),  (7),  (8)  and  (9)  leads  to  a  relation 
between  the  local  change  of  strain  energy  and  the  material 
property  of  blood  cells 

QlI  .  - 
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This  is  an  interesting  result  which  indicates  that  the  local 
maximum  tolerated  change  of  internal  energy  due  to  viscous 
stresses  is  a  constant  within  the  time  range  of  interest.  The 
value  of  the  constant  depends  slightly  on  the  blood  cell  type 
(cf.  Fig.  3). 


7.  RESULTS 

Based  on  the  outlined  analysis  the  flowfield  behind  the  fully 
opened  valve  is  investigated  for  one  valve  geometry  in  the 
aortic  and  the  mitral  position.  The  velocity  gradients  used  to 
construct  invariants  and  vorticity  were  all  scaled  with  the 
valve  orifice  diameter  and  the  average  orifice  flow  speed.  The 
nominal  Reynolds  number  based  on  these  quantities  is  about 
Re  =  3000  for  the  experiments  reported  here.  A  snapshot  of 
the  velocity  vector  field  is  shown  for  the  aortic  position  on 
Fig.  4.  This  has  been  obtained  by  interpolation  of  PIV- 
flowfield  visualisation  onto  a  structured  grid.  The  topology  of 
this  flowfield  shows  a  saddle  and  two  counterrotating  lar^ 
scale  vortices.  A  scatter  plot  of  the  magnitudes  of  vorticity 
versus  the  rate  of  strain  is  made  for  each  of  the  grid  points. 
Thereby  it  is  indicated  that  the  small  scale  motions  are  con¬ 
fined  within  a  wedge  which  is  defined  by  the  vorticity  free 
potential  flow  and  the  pipe  flow.  Motions  with  a  high  rate  of 
strain  are  in  general  associated  with  a  high  magnitude  of 
vorticity.  A  weak  preference  towards  rates  of  strain  which  are 
about  twice  as  large  as  the  vorticity  is  visible.  The  smallest 
eddies  near  the  eenterline  of  a  pipe  flow  have  for  the  present 
Reynolds  numbers  a  length  scale  which  is  about  0.07  times 
the  diameter  (cf.  Bradshaw,  1978).  This  length  represents  an 
upper  limit  for  the  size  of  small  scale  eddies;  it  corresponds 
also  to  the  mesh  size  of  the  present  data  analysis.  The  mea¬ 
sured  velocity  vector  field  of  the  mitral  side  is  presented  on 
Fig.  5.  This  flow  is  characterized  by  a  separation  line  and  a 
vortex  which  is  generated  near  the  boundary.  The  associated 
scatter  plot  indicates  a  strain  dominated  flow  behaviour  with 
rates  of  strain  mote  than  twice  those  of  the  aortic  flow. 

The  local  change  of  internal  energy  u  is  according  to  (7) 
proportional  to  the  second  invariant  of  the  rate  of  strain 
tensor.  The  magnitude  of  this  quantity  is  plotted  in  Fig.  6 
for  the  aortic  flow  at  each  grid  point  in  the  symmetry  plane. 
The  peaks  correspond  to  high  dissipative  motions  (equa¬ 
tion  7)  which  are  of  potential  danger  with  respect  to  heiiK>- 
lysis.  The  whole  information  of  such  motions  is  represented 
by  a  single  scatter  plot  in  the  11.  -  Ifl,  plane.  Thereby  the 
scattered  points  are  bounded  by  the  relationship  (S). 
Following  the  analysis  of  Chong  et  al.  (1988)  the  local 
trajectories  of  the  fluid  particles  of  these  small  motions  can 
be  classifled  in  terms  of  the  invariants.  For  the  present  data  at 
the  aortic  position  it  is  found  that  all  the  small  motions 
have  a  3D-topology  of  the  type  stable  node/saddle/saddle  as 
sketched  on  the  scatter  plot.  In  this  connection  it  is  inter¬ 
esting  to  note  that  direct  numerical  simulations  of  shear 
layers  by  Chen  et  al.  (1990)  showed  that  in  their  flow  the 
lo<»l  topology  of  small  scale  motions  with  high  rate  of  strain 
are  of  the  type  unstable  node/saddle/saddle. 

The  change  of  the  internal  energy  at  the  mitral  position  and 
at  the  same  flowrate  as  for  the  aortic  flow  is  shown  in 
Fig.  7.  From  there  it  is  recognized  that  the  peaks  ate  more 
than  four  times  higher  than  in  the  aortic  case.  Also  the  spatial 
density  of  the  peaks  is  higher  which  indicates  that  the  fluid  is 
in  a  mixed  state.  The  scatter  plot  in  invariant  space  reflects 


constant 

At 


(10) 
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the  highly  dissipative  motions  of  this  flow.  The  maximum 
negative  value  of  the  second  invariant  is  twice  as  high  as  that 
of  the  aortic  flow.  Most  of  the  motions  of  high  dissipation 
have  a  preference  towards  the  axis  where  the  third  invariant 
vanishes.  The  topology  of  these  motions  is  of  the  type  stable 
line  node/unstable  line  node/no  flow. 


8.  CONCLUSIONS  AND  OUTLOOK 

An  attempt  is  made  to  describe  a  part  of  the  3D-flowfteld  in 
the  vicinity  of  a  prosthetic  heart  valve  in  terms  of  matrix 
invariants.  These  are  derived  from  PIV  measurements.  As  a 
result,  a  link  between  the  maximum  stresses  leading  to  defor¬ 
mation  of  the  blood  cells  and  the  second  invariant  II,  of  the 
rate  of  strain  tensor  S  has  been  made.  Based  on  the  inves¬ 
tigation  the  following  conclusions  can  be  drawn; 

o  A  new  method  of  using  Laser  PIV  measurements  to  quanti¬ 
fy  the  rate  of  strain  in  a  plane  section  of  the  flow  down¬ 
stream  of  a  bileaflet  heart  valve  has  been  developed. 

o  Motions  with  a  large  local  rate  of  strain  are  related  to  a 
high  dissipation  rate  of  kinetic  energy  due  to  viscosity. 
Locations  of  high  dissipation  are  of  potential  danger  for 
the  damage  of  blood  cells. 

0  A  large  local  rate  of  strain  is  associated  with  a  large 
negative  value  of  the  second  invariant  of  the  rate  of  strain 
tensor. 

o  The  flow  structure  at  the  mitral  position  is  characterized 
by  a  high  rate  of  strain  which  is  more  than  twice  as  large 
as  the  one  of  the  aortic  flow. 

o  The  local  3D-topology  of  small  motions  in  the  aortic  and 
the  mitral  section  is  dominated  by  trajectories  of  the  type 
node/saddle/saddle  or  stable  line  nod^unstable  line  ntke/ 
no  flow. 

The  preliminary  results  show  that  the  large  amount  of  infor¬ 
mation  of  small  scale  motions  of  the  3D-flowfield  can  be 
mapped  into  a  single  scatter  plot  in  invariant  space.  This 
methodology  provides  an  elegant  criterion  for  the  judgement 
of  the  performance  of  prosthetic  heart  valves  with  respect  to 
hemodynamics.  A  complete  picture  of  small  motions  within 
the  cardiac  cycle  will  be  obtained  by  the  application  of  the 
present  approach  to  different  phase  locations. 
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FIGURE  1.  Experimental  setup  of  the  pulse  duplication  system  hRMO  for  Row  studies  in  the  vicinity  of  cardiac 
prostheses.  Experiments  are  conducted  by  using  a  Newton.an  blood  analog  fluid  for  which  the 
refractive  index  is  matched  to  the  one  of  the  perspex  test  sections. 


RGURE  2. 


Design  of  the  aortic  and  the  mitral  test  sections  according  to  Wieting  (1969).  The  hean  valves  are 
inserted  in  the  middle  of  each  section.  Optical  measurements  are  conducted  downsteam  of  the  valves. 


FIGURE  3.  Maximum  tolerated  shear  load  of  blood  cells  in  dependence  of  the  loading  time.  The  data  represent 
results  from  in  vitro  experiments  of  different  researchers  given  by  Giersiepen  ( 1988). 
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nCURE  4.  Snapshot  of  the  velocity  vector  field  at  the  fully  open  bileaflet  valve  in  the  symmetry  plane  of  the 
aortic  position.  The  corresponding  scatter  plot  represents  the  relationship  between  the  magnitude 
of  the  rate  of  strain  and  the  solid  body  rotation  (vorticity)  at  every  grid  point,  in  this  case  small  local 
motions  with  a  large  rate  of  strain  are  associated  with  a  large  solid  body  rotation.  Large  rates  of  strain 
lead  to  high  rates  of  dissipation  of  kinetic  energy  due  to  viscosity  and  therefore  are  critical  with 
respect  to  hemodynamics. 
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RGURE  5.  Snapshot  of  the  velocity  vector  field  at  the  fully  open  bileaflet  valve  in  the  symmetry  plane  of  the 
mitral  position.  The  corresponding  scatter  plot  represents  the  relationship  between  the  magnitude 
of  the  rate  of  strain  and  the  solid  body  rotation  at  every  grid  point.  It  is  noted  that  the  local  rate  of 
strain  in  this  case  is  more  than  double  as  large  as  for  the  aortic  flow.  Most  of  the  motion^  jf  large 
rate  of  strain  ate  associated  with  a  large  solid  body  rotation. 


37.3.6. 


\joc8li Onange cA NtAetnai Enetqv  ^.DulDV-WVA  3  \jQcalCy\an98  0Hrt»ma!iEne?qN  i.Ov»IDV-\\s'>V\ 


0 


6.  The  local  change  of  internal  energy  Du/Dt  for  the  flow  state  of  Fig.  4  at  the  aortic  position.  The 
peaks  correspond  to  locations  of  high  dissipation  of  kinetic  energy  which  means  a  high  shear  load  of 
the  blood  cells.  The  information  of  the  small  motions  is  represented  in  a  scatter  plot  in  invariant 
space  (II,  -  III,)  of  the  rate  of  strain  tensor  S.  It  is  recognized  that  large  negative  values  of  the  second 
invariant  II,  are  associated  with  high  kinetic  energy  dissipation.  Based  on  the  invariants  the  local 
trajectories  of  the  fluid  particles  of  these  motions  can  be  classified  as  demonstrated  by  Chong,  Perry 
&  Cantwell  (1988).  Accordingly  the  local  3D-topology  of  the  motions  of  high  dissipation  (without 
solid  body  rotation  )  arc  of  the  type  stable  node/saddie/saddle  as  it  is  sketched  on  the  plot. 


Thircl  Invariant  lll^ 


FIGURE  7.  The  local  change  of  internal  energy  corresponding  to  the  flow  state  of  Fig.  5  at  the  mitral  position. 

It  is  noted  that  the  peaks  are  more  than  four  times  higher  than  in  the  aortic  position  at  the  same 
flowrate.  The  scatter  plot  in  invariant  space  indicates  that  most  of  the  motions  with  large  rates  of 
strain  are  concentrated  at  III,  =  0.  The  local  3D-topology  of  these  motions  corresponds  to  the  type 
stable  line  node/unstable  line  nodefno  flow. 
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COMPARISON  OF  PIV  DATA  WITH  HOT-WIRE  MEASUREMENTS  AND  CALCULATIONS  OBTAINED  FOR 
INSTABHiTIES  IN  A  FLAT  H-ATE  BOUNDARY  LAYER 
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ABSTRACT 

Aftificially  finced  instabilitie*  were  iludied  experimenUliy  in 
ttw  tnnritian  region  of  a  Blasius  boundaiy  li^  in  air  fay  means 
of  Paiticle  Image  Velocimeny  (PIV)  and  hot-wire  tnemomeny. 
Reivoducifale  and  constant  conditions  in  the  devetofiment  of  tte 
inreahUides  were  achieved  by  foscing  the  boundaiy  layer  sridi 
well  controlled  disturbances.  The  airangement  for  artificial 
excitation  piovidea  the  possibility  to  generate  the  fundamental 
and  foe  subhsrmonic  transition  type  as  svelL  Out  of  foe 
instantannous  velocity  fields  of  the  PIV  recotdings  int^ral 
quanddes  were  obtained  by  meaiu  of  data  aiulysis.  Ihese 
intBgial  data  were  compared  with  data  achieved  by  foe  hot-wire 
measuieaienla  and  calculations  Qfumerical  Simulation).  The 
procedure  ilsdf  to  oibtain  integral  data  out  of  die  PIV  reoordinga 
and  the  limiting  parameters  of  this  procedure  will  be  presented. 


L  INTRODUCTION 

PIV  is  increasingly  used  to  invesdgate  instantaneoua  two- 
dimenaional  velocity  fields  in  a  wide  domain  of  fluid 
mechanical  appUcadons,  Adrian  (1991),  Kompenhana  et  aL 
(1993.  1994),  Lourenfo  (1988).  the  case  of  a  flat  plate 
boundary  layer  flow  in  air,  Fia^er  et  al.  (1993)  demonstrated 
the  applicability  of  PIV  for  the  invesdgadon  of  inatabimiea 
developing  widiin  the  boundaiy  layer.  Ihere  are  foree 
properties  of  FIV  adiidi  motivate  the  use  of  diis  measurement 
tecfankpie  for  this  kind  of  fluid  mechanical  research:  The  fact  of 
wnsking  instantaneously,  the  pqpaibility  to  obtain  mformadon  in 
a  complete  vekxhy  field  at  once  and  the  non-inliusive  mediod 
of  operation. 

The  tianakional  process  in  a  boundary  layer  is  determined  by  a 
mechanism  of  generation  and  decomposition  of  various 
instabilities.  Small  disturbances  can  cause  primary  instability 
and  lead  to  foe  begiiming  of  foe  transition  prooem.  Rtimaiy 
inatability  of  such  a  boundaiy  layer  occm  as  two-duncnskaial 
travelling  waves  known  as  Tollmlen-Schllchtlng  waves  (TS 
waves).  If  die  amplitudes  of  foe  TS  waves  grow  above  a  certain 
threshold  value,  a  new  state  of  the  flow  is  present  Hiis 
flow  is  aeasidve  to  foree-dimenaional  disturbances. 
The  amplification  of  foese  disturbances  leads  to  a  three- 
dimenaional  distortioa  of  the  TS  waves.  Ihe  following 


qipeaiance  of  counter-rotating  sireamwise  vortices  is  a 
consequence  of  foe  seoaodacy  instabiUty.  Ihese  vtatices  known 
as  A-vortioss  grow  very  rapidly  and  lead  to  the  breakdown 
wifoin  a  few  wavelengths  after  onset  of  foree-dimensional 
distortion.  The  occurrence  of  A-voiticet  in  a  plane  panliel  to 
the  surface  of  the  flat  plate  is  diaracterized  by  two  possiUe 
types  of  qranwise  pofodic  arrangements.  The  so  called 
flndnmcntnl  transition  type  is  characseiized  by  an  aligned 
streamadse  pattern  of  foe  A-vortices  adiereas  foe  aubharmonic 
transition  type  qipeais  with  a  staggered  stresmadae  polteni. 
Which  type  of  tiansidan  is  present  depends  i»  foe  nature  and 
foe  scale  of  foe  foree-dimerisional  disturbances.  Ihe  extension 
of  the  knowledge  about  fois  mechanism  enables  foe  prediction 
and  control  of  transition  as  teqguired  for  applicadans  in  fluid 


2.  EXPERIMENTAL  SET-UP 

The  experiments  were  conducted  in  the  Low  Turbulence  Wind 
Dmnel  of  IXJL  Hg.l.  It  is  an  BSiel  type  tunnel  adfo  a  high 
oontraclion  ratio  of  16:1.  The  measurements  were  conducted  at 
a  free-siream  velocity  of  U„  sll  m/t  and  a  turbulence  level  of 

0.065%. 


tfiMmicnt  in  ■ 


Fig.l  Low  Tirbulenoe  Wind  Thruiel 

Ihe  dimensions  of  foe  closed  test  section  are  03  m  in  widfo 
arul  13  m  in  height 
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The  flat  plate  model  was  vestically  mounted  in  the  test  section 
of  the  tunnel.  FigJS. 


V%g2  Experimental  set-up 


In  order  to  get  r^voducibte  and  constant  oonditians  in  the 
devekipaient  of  the  instabilities,  well  oontralled  disturbances 
were  excited  in  the  boundary  layer  fay  a  flush  mounted  slot  in 
the  plate.  The  disturbances  were  generated  by  means  of  a 
peritidic  fluid  motkai  as  a  result  of  periodic  pressure 
oscillations  generated  flam  a  loudspeaker.  Tte  excitation  level 
was  oontralled  as  Sound  Ptessiire  Level  (SPL)  with  a 
micraphane. 

For  our  optical  investigatians  a  Nd:YAO  laser  ^tem  was 
utilizBd,  Kompenhaiu  and  Reichmulh  (1987).  The  origmal 
wavelength  of  1064  nm  is  oonverted  to  the  visible  532  nm 
wavelength  via  a  fiequency  doubling  crystal.  The  laser  eniit« 
light  pulses  of  about  16  nsec  dirratian  and  pulse  energies  of  70 
irJ.  The  laser  was  triggered  fay  the  excitatian  sigital  for  foe 
loudspeaker,  so  that  a  fixed  phase  telatkm  among  the  artificial 
excitation  and  the  recorded  images  is  guaranteed.  The  ligln 
sheet  arith  constant  thickiiess  was  aUgned  parallel  to  the  surfoce 
vX  foe  flat  plate  model  and  its  height  above  the  plate  was  varied 
between  OJ  and  3.5  nun.  The  picutres  were  tecorded  with  a 
commercial  Contax  RTS  photo  camera,  a  qiecially  conecled 
objective  for  short  object  distances  and  a  U^y  sensitive  fikn 
(3200  ASA).  The  recorded  area  was  0.18-0.13  m^.  Because  of 
the  small  fluctuation  amplitudes  of  the  instabilities  we  umd  a 
rotating  minor  to  inctease  the  accuracy  of  the  velocity  data  (dm 
lowest  attrunaUe  limit  was  n'Al.."^-^  %)•  **'8**  *pwd 

minor  system  has  been  successfully  applied  to  low  qreed  as 
well  to  high  speed  flows,  Raffel  (1993).  The  rotation  fiequetKy 
lartges  fiom  OJ  to  50  Hz,  thiis  coveting  a  rattge  of  shifl 
velocities  fiom  1  to  500  tah. 

The  tracer  particles  in  the  flow  were  olive  oil  dta(dets.  Th^ 
were  produ^  by  mearu  of  a  Laskin  nozzle.  lYessatized  air, 
hyected  in  olive  oU,  leads  to  the  formation  of  oil  droplets  with  a 
mean  foameter  of  1  fim.  The  homogeneous  seeding  of  the  flow 
was  realized  by  feedittg  the  particles  into  the  flow  upstream  of 
die  grid  and  the  screeru  of  the  wind  tunnel  The  particle  density 
in  dw  flow  was  about  1(P  to  1(P  paiticlei/hun^ .  For  the  dau 
evahiation  of  die  FIV  recordings  an  optical  Fourier  processor 
was  utilized  for  the  formation  of  the  Young's  fiir^.  The 
flowing  second  Fourier  transfimnation  was  performed 
digitally  in  an  Image  Processing  Computer,  Vogt  (1993),  RgJ. 


Fig.  3  Data  evahiaticn 


3.  RESULTS 

3.1.  FIV  measurements 

As  mentioned  above,  the  height  of  die  light  sheet  tibove  the 
plate  was  varied  during  the  experiments,  but  in  diis  work  only 
the  results  for  a  height  of  0.5  mm  will  be  considereiL  This 
height  corresponds  in  our  case  to  the  height  of  the  inner 
maximum  of  the  TS  wave  eigenfunetkm.  For  the  generation  of 
the  fuiulaniental  traiuition  type  we  used  a  sine  wave  wifo  a 
certain  amplitude  as  excitation  signal  for  the  loudspeaker.  The 
fierpioicy  of  the  fundamental  sine  wave  was  fislS4  ^ 


Fig.  4  Field  of  instantaneous  velocity  fluctuations  (u',  v*), 
fundamental  transitian  type,  a)  SPLb106.0  dB, 
b)SPU10S.6<iB 
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Figure  4a  shows  Cor  an  excitation  level  of  SPL=106X)  dB  the 
fundamental  transition  type  as  distribution  of  instantaiMOus 
vekK'V  fluctuations  u'.  v'.  The  flow  diiection  is.  as  in  all 
foUo-.ing  evaluated  FIV  recordings,  firom  left  to  right  R  is  the 
square-root  of  the  Reynolds  number  related  to  x.  Beginning 
fiom  left  one  can  see  the  development  of  a  TS  wave  with 
increasing  amplitude  in  streamwise  direction.  The  magnitude  of 
the  streamwise  wavelength  is  ^*2.5  an.  It  oompaies  arell  with 
the  wavelength  obtained  for  this  frequency  by  stability 
calculatiotis  based  on  the  prin\ary,  local  and  linear  theory, 
Ehrenstein  (1987).  For  the  tame  observatkm  area  as  in  the 
previous  Figure,  Figure  4b  presentt  due  to  the  higher  excitation 
level  of  SPLp:108.6  dB  later  stages  of  transidoa.  At  R=S80  the 
onset  of  three-dimensional  distortion  of  the  previoutly  two- 
dimensional  TS  wave  becomes  mrideiiL  Moving  doamstream 
the  three-dimensional  distortion  becomes  intensified  and  leads 
finally  to  the  development  of  A-vortices  in  the  typical  aligned 
streamwise  pattern  The  streamwise  wavelength  at  this  stage 
remains  the  same  as  in  the  TS  wave  stags.  Planes  of  enhanced 
(pcnk)  and  reduced  (vaUey)  ampUhide  are  clearly 
distinguishable. 

For  the  lower  excitation  level  of  SPL^IQS  dB  Figure  5a  shows 
from  left  to  right  the  sudden  developmeat  of  A-vortices 
appearing  in  a  staggered  pattern  typical  for  the  subharmonic 
transition  type.  It  can  be  more  clearty  seen  in  ngure  Sb  Cor  a 
higher  excitation  level,  SPL^lOSi)  dB.  It  is  remarkable  that 
at  the  stage  of  fully  developed  A-vortices  has  been  doubled 
compared  to  the  wavelength  at  the  TS  wave  stage. 


Fig.  5  Field  of  instantaneous  velocity  fluctuations  (u',  v*), 
subharmonic  transition  type,  a)  SPLslQS.O  dB, 
b)SPL=108i)dB 


3.2.  Data  analysis 


In  order  to  compare  the  achieved  FIV  data  with  data  ohrsined 
by  hot-wire  anemometiy  and  Numerical  Simulation.  Kleiser  and 
Ziuig  (1991),  a  program  for  data  analysis  was  devdoped.  With 
this  program  spatial  rms-values  (rms  i.e.  toot  mean  square) 
were  obtained  out  of  the  evahialed  FIV  recordings.  Under 
certain  condidoos,  which  will  be  described  a  little  bit  later,  it  is 
proper  to  compare  these  spatial  mu-values  of  the  FIV 
recordings  with  temporal  rms-values  obtained  by  hot-wire 
measurements  and  spatial  nru-vaiues  obtained  by  a  Numerical 
Simulation. 

The  general  features  of  the  program  presents  Rgure  6.  Eadi 
evaluated  FIV  recording  is  divided  in  rows  (along  R,  see  Figure 
4)  and  columns  (along  y).  In  Figure  6a  U  (component  of  the 
total  velocity  in  streamwise  direction)  is  diown  as  circles  fior  an 
arbitrary  row  t^  an  evaluated  PIV  recording. 


Fig.  6  nogram  steps  for  data  analysis 


In  the  frillowing  this  curve  will  be  approximated  by  a  least- 
square  fit  (solid  line).  For  each  measuring  point  the  value  of 
velocity  fluctuation  u'  can  be  achieved  by  subtracting  the 
functional  value  of  the  least-square  fit  fiom  the  total  velocity. 
Due  to  the  fact,  that  the  FIV  pictures  were  recorded  phase- 
fixed,  it  is  possible  to  compare  fior  the  same  row  several  FIV 
recordings  of  one  case  of  excitation.  Rgure  fib  shows  together 
the  curves  of  u'  over  R  for  ns7  FIV  recordings.  During  the  data 
analysis  n  tanged  between  S  and  20.  For  each  measuring  point 
it  is  now  possible  to  calculate  out  of  the  number  of  n  values  of 

u'  a  statistical  velocity  fluctuation  u' .  Figure  6c  presents  finally 

4- 

the  curve  of  u'  over  R.  In  the  last  step  the  program  calculates 
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always  over  the  range  of  one  wavelengA  a  spatial  rms-value. 
Due  (o  the  periodical  behaviour  of  the  inttability  development 
in  space  and  time  and  furthennoie  the  assumption  that  the 
increase  or  decrease  of  the  amplitude  over  one  wavelength  it 
sufficiently  low,  it  is  proper  to  compare  a  spatial  ims-value 
obtained  for  a  certain  spatial  domain  with  a  temporal  rms-value 
obtained  at  one  point  within  this  domain. 

33.  PIV  vs.  bot'Wire 

For  the  fundamental  transition  type  Figure  7a  shows  Car  a  peak- 
plane  (p)  the  curves  of  spatial  ims-vahie  (a„„,  FIV  data)  and 
temporal  ims-vahie  u^  (hot-wiie  data)  along  R.  The  excitation 
level  was  SPL=108.6  dB.  Additionally,  the  curve  of  (FIV 
data)  along  R  for  a  valley-plane  (v)  can  be  seen. 


A 


Fig.  7  Comparison  of  spatial  rms-value  (3„ ,  obtained  Grom 
FIV  data)  with  temporal  rms-value  (u^,  obtained  Grom 
hot-wire  measurements)  along  R,  fimdamental  traruition 
type,  a)  SPU10S.6  dB.  b)  SPt=in.8  dB 


Respecting  to  the  peak-plane  one  can  see  that  both 
measurement  techninues  ma^est  the  ra|Md  increase  of  the  nns- 
vahie  at  neatly  the  same  Reynolds  number  (R"<620).  At  this 
Reynolds  number  the  onset  at  q>litting  in  peak-valley-planes 
becomes  evident  In  the  following  n,„  deviates  in  the  worst 

case  35  %  Grom  u^.  For  a  higher  excitatkm  level  (SPLsllLS 
dB)  presents  Rgute  7b  a  good  agreement  between  both  curves 
in  the  peak-plane.  However,  due  to  missing  values  at  lower 
Reynedds  numbers  it  is  not  possible  to  say  somediing  about  the 
beginning  of  the  steep  slope  of  the  curve  Gar  the  spatial  rms- 
value.  Further  results,  which  are  not  presented  he^  showed 
that  Gar  an  excitation  level  of  SPLslldJ  dB  the  amplitude 


growth  over  one  wavelength  is  considerable  large,  so  that  the 
used  assumption  could  not  be  longer  valid.  Thus,  for  this  case  it 
makes  no  longer  tense  to  calculate  spatial  tms-values  out  of  the 
FIV  recording. 

3.4  PIV  vs.  calculations 

Figure  8  shows  the  curves  of  over  R  for  peak-  and  valley- 
plane  obtained  Grom  FIV  data  and  a  Numerical  Simulation 
(NS).  The  excitation  parameters  are  tite  same  as  in  Figure  7a. 
The  ttarting-condiiions  and  infoimrdian  about  the  size  of  the 
cakuiation-box  were  taken  fiom  the  experiment.  In  spile  of  the 
foct  that  the  corresponded  curves  in  peak-  and  valley-plane 
show  partly  tome  large  deviations  firm  eadi  other,  thm  is 
qualitative  the  sante  behaviour  distinguishable  in  the  instability 
development  of  experiment  and  theoty.  However,  the  main 
purpose  of  this  comparison  was  to  get  infosmatian  fiem  the 
Simulation  about  tte  amplitudes  of  the  ihree-dimensianai 
disturbances,  which  were  completely  unknown  in  the 
experiment 


Rg.  8  Spatial  ims-vahie  (n„^)  along  R  obtained  Gram  FIV  data 
and  calculations,  fundamental  traruition  type, 
SPL=I08.6dB 


4.  ACKNOWLEDGEMENTS 

The  FIV  measurements  of  the  development  of  instabilities  in 
the  boundary  layer  have  been  carried  out  in  a  pleasant  team¬ 
work  together  with  Dr.  Kompenhans,  Dr.  Raffel  and  Dr.  Vogt 
Moreover  the  anihn’  would  like  to  express  hit  gratitude  to  Dr. 
Kleiser  and  D^l.-lhg.  Winlergertle  for  perGorming  the 
Numerical  Simulation.  I  would  also  like  to  thank  Mr.  KUhne  Gar 
his  support  at  the  post  processing  of  the  FIV  recordings. 


7.  REFERENCES 

Adrian,  RJ.  1991,  Particle-Imaging  Tediniques  Gar 
Experimental  Fluid  Mechanics,  Ann.  Rev.  Fluid  Mech..  vol.  23, 
pp.261-304. 

Ehrenslein,  U.  1987,  Redtenprogramm  DFVLR-LJSA-T, 
OTVLR-IB  221-87  A12. 

Fischer,  M.,  RafGsl,  M.,  Vogt,  A.  &  Kompenhatu,  J.  1993, 
Comtnned  FIV  and  visualization  experimente  on  instabilities  in 
a  flat  plate  boundary  layer  with  zero  pressure  gradienu,.^E 


37.4.4. 


P»ac.  Optical  DiMiio«tie»  in  Fluirf  «nd  Ttiemi.l  Row.  San 
ItiBBt,  vol.  200S.  PP.448-4S6,  moroovw  to  be  publiihed  in 
Opticnl  Engineering.  April  1994. 

Kktaer.  L  *  Zang,  TA.  1991.  Numerical  aimulaiiao  of 
tien«itinn  in  w«ll4inmiitoit  thear  floew.  Aim.  Rev  PltM  Maeti 

voL23.pp.495-537. 

KoiiqMiliaiu.  J..  Rafiel.  M..  Vogt  A.  A  Fiacber.  M.  1993. 
Aerodynamic  inveatigalkma  in  low  and  high  speed  wind  tuanela 
by  nieans  of  Particle  hnage  Vdocimeiiy.  £3ASESlBfl6BaLSt 
*««■«  pp.  46-1-46-S. 

Kompcnhant.  J..  Raffel,  M..  Vogt  A.  A  Fucher.  M.  1994. 
Inve^atkn  of  tmaleady  flow  fielda  in  wind  lunneli  at  high 
flow  velociliea  by  means  of  Particle  Image  Velocimeny  jBgt 
mE^F  M  Torino. 

Kompenhans.  J.  A  Reichmuth,  J.  19S7.  2-d  flow  field 
mnaniiemcnti  in  wind  tunnels  by  means  of  Psrtiele  Image 
Vdodmeliv.  Pme.  6tli  Int  ConeieM  on  Annlielinn«  nf  I 

Mid  HnrtwvrtiUies  ftm  nioyo. 

Lamn(o.  LJd.  1988.  Some  comments  on  Psiticle  Image 
Displacement  Velociraetiy.  Lecture  Series,  von  Kaiman 
Institute  for  Ruid  Dynamics.  1988-06. 

RafEel,  M.  1993.  PIV-Messungen  instationilier 
Geschwindigkeitsfelder  an  einem  adiwingenden  Rotorblatt, 
Phi),  diesis.  University  of  Hannover. 

Vogt  A.  1993,  Optiache  Ausweitung  von  Pscticfelmage- 
Vetocimeoy-Messungen  im  Nachlauf  einet  quer  angeatriSmten 
Kieis^linderi.  Ph.D.  thesis.  University  of  GSttingen. 


37.4.5. 


Flow  Measurement  of  a  Two  -  Phase  Fluid  around 
Cylinders  in  a  Channel  using  Ptu'ticle  Image  Velocimetry 

Y  A.  Hassan,  R.  S.  Martinez,  O.  G.  Philip,  and  W.  D.  Schmidl 


Department  of  Nuclear  Engineering 
Texas  A&M  University 
College  Station.  TX  77843-3133 


Abstract 

The  Particle  Image  Velocimetry  (PIV) 
flow  measurement  techniqi  was  used  to  study 
both  single-phase  flow  and  two-phase  flow  over 
cylindrical  rods  inserted  in  a  channel.  First,  a 
flow  consisting  of  only  a  single-phase  fluid  was 
studied.  The  experiment  consisted  of  running  a 
laminar  flow  over  four  rods  inserted  in  a  channel. 

The  water  flow  rate  was  126  cm^/s.  Then  a  two- 
phase  flow  was  studied.  A  mixture  of  water  and 
small  air  bubbles  was  used.  The  water  flow  rate 

was  378  cm^/s  and  the  air  flow  rate  was 

approximately  30  cm^/s.  Then  the  data  was 
analyzed  to  obtain  the  velocity  fields  for  both 
experiments. 

1.  Introduction 

One  of  the  major  concerns  with  steam 
generator  operation  is  the  tube  vibration  cau-sed 
by  turbulent  flow  buffeting.  The  vibration  can 
cause  wear  on  the  tube  joints  which  may 
eventually  lead  to  ruptures  and  leaks.  This  repair 
procedure  can  be  very  costly.  Figure  1  shows  a 
typical  U-tube  steam  generator.  To  help  avoid 
this  problem,  experimental  data  is  needed  to  test 
the  empirical  correlations  which  predict  the 
behavior  of  the  turbulent  flow  around  the 
cylinders,  Blake  (1987),  Hassan  (1991),  Wu 
(1994).  The  PIV  flow  measurement  technique 
can  be  used  to  acquire  that  experimental  data, 
Adrian  (1991). 

The  use  of  the  PIV  flow  measurement 
technique  is  an  improvement  over  conventional 
single  sensor  methods,  such  as  laser  doppler 
anemometry  or  hot-wire  anemometry,  becau.se  it 
offers  the  opportunity  of  capturing  all  the  in¬ 
plane  velocities  of  a  spatial  velocity  field 
simultaneously.  The  objective  of  this  study  was 


Figure  1.  Typical  U-tube  Steam  Generator 

to  use  the  PIV  technique  to  study  the  flow  around 
cylinders  in  a  channel  and  to  find  the  velocity  of 
both  phases  in  a  two-phase  flow.  This 
information  might  be  useful  for  developing  or 
improving  computer  models  which  simulate  this 
type  of  flow  field.  It  may  also  be  useful  for 
understanding  the  structure  of  two-phase  flows. 

2.  Experimental  setup 

The  PIV  setup  for  this  experiment 
included  two  charged  coupled  device  (CCD) 
cameras,  two  frame  grabber  boards,  an  image 


37.5.1. 


Figure  2.  Two-Phase  Flow  Experimental  Setup 


intensifier  and  an  Nd-YAG  pulsed  laser.  Figure 
2  shows  the  experimental  setup  which  was  used 
to  study  the  two-phase  flow  around  cylinders  in  a 
channel.  The  setup  for  the  single-phase  flow 
experiment  is  similar,  however,  only  1  camera  is 
required.  The  light  source  used  in  the  experiment 
is  a  frequency  doubled  Nd-YAG  high  energy, 
pulsed  laser.  The  light  can  be  moved  into 
position  with  high  energy  mirrors.  The  light  is 
shaped  hrom  a  circular  beam  into  a  planar  sheet 
with  a  set  of  cylindrical  lenses,  and  passed 
through  the  moving  fluid  under  study.  The 
lenses  shape  the  light  from  a  7  mm  circular  beam 
into  a  sheet  of  light  approximately  2  mm  thick 
and  5  cm  long. 

The  Plexiglas  channel  is  3.05  m  long.  Its 
height  is  8  cm  and  its  width  is  15  cm.  The 
cylindrical  rods  do  not  allow  light  to  pass 
through  them.  To  capture  the  flow  on  the  far  side 
of  the  rod,  two  planes  of  light  were  used.  This 
was  done  by  inserting  a  beam  splitter  lense  in  the 
laser  light’s  path.  This  was  done  before  the 
cylindrical  lenses. 

The  first  camera  was  positioned 
perpendicular  to  the  rod.  The  second  camera  was 
positioned  perpendicular  to  the  first  camera.  A 
beam  splitter  prism  was  used  so  that  both 
cameras  could  view  the  same  view  plane 
simultaneously.  Fluorescent  seeds  (fluoresce  red 
when  struck  by  green  light)  were  used  in  the 
two-phase  flow  experiment  so  they  could  be 


differentiated  from  the  air  bubbles.  A  red  filter 
was  placed  in  front  of  the  camera  which  was 
capturing  the  images  of  the  seeds  to  block  the 
green  light  reflected  by  the  bubbles.  Since  the 
red  light  which  was  emitted  by  the  fluorecent 
seeds  was  not  very  intense,  an  image  intensifier 
had  to  be  used.  The  camera  which  acquired 
images  of  the  bubbles  did  not  acquire  images  of 
the  seeds  because  of  uie  low  intensity  of  the  light 
emitted  by  the  fluorescent  seeds  and  the  camera’s 
aperture  setting.  The  data  from  each  CCD 
camera  was  stored  on  its  respective  frame 
grabber  board,  before  being  transferred  to  hard 
disk. 

The  air  bubbles  for  the  experiment  were 
generated  by  positioning  a  nozzle  at  the  bottom  of 
the  channel.  The  nozzle  generated  the  bubbles  by 
breaking  up  the  inlet  flow  of  air  with  a  stream  of 
water.  The  flow  through  the  channel  consisting 
of  water  and  entrained  air  bubbles  was  then 
straightened  by  a  set  of  two  screens  inserted  in 
the  channel.  The  screens  also  filtered  out  the 
large  air  bubbles. 

The  seeds  which  were  used  to  track  the 
water  flow  were  6  micron  diameter,  neutral 
density  (1.02  specific  gravity),  thermoplastic 
microspheres  for  the  single-phase  experiment. 
Red  fluorescent,  30  micron,  neutral  density  (1.02 
specific  gravity)  microspheres  were  used  for  the 
two-phase  flow  experiment.  Figure  3  shows  the 
flow  path  of  the  air  bubbles  and  water  around  the 
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Figure  5.  Velocity  Vector  Track  for  Single  Phase  Flow  Experiment 


Figure  6.  Velocity  Vector  Track  for  Single  Phase  Flow  Experiment  with  0.65  of  Mean  Velocity 
Frame  of  Reference 


water  moving  around  the  single  cylinder  from  the 
two-phase  flow  experiment  (captured  by  the 
camera  which  acquired  only  the  seeds).  Figure  9 
shows  the  movement  of  the  air-bubbles  around 
the  single  cylinder  from  the  two-phase  flow 
experiment  (captured  by  the  camera  which 
acquired  only  the  bubbles).  The  water  flow  was 

378  cm^/s  and  the  air  flow  was  estimated  to  be 


30  cm^/s.  The  results  from  the  experiment 
showed  that  the  average  velocity  of  both  the  air 
bubbles  and  the  water  was  approximately  0.05 
m/s. 

4.  Conclusion 

This  study  showed  that  a  two-phase 
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Figure  3.  Two-Phase  Flow  Experiment 


Figure  4.  Single-Phase  Flow  Experiment  Binary  Overlay 


cylinder  in  the  channel. 

The  data  for  the  experiment  was  acquired 
by  first  establishing  a  steady  flow  through  the 
channel.  Then  the  data  acquisition  sequence  was 
triggered  from  the  computer.  The  data  set  was 
stored  to  the  hard  drive  of  the  computer.  Then 
the  next  set  of  data  was  captured. 

3.  Results 

Once  the  data  is  acquired,  the  first  step  is 
to  convert  the  gray  scale  data  images  to  binary 
images.  This  was  done  with  a  local  threshold. 
Figure  4  shows  an  overlay  of  1 3  binary  images 
(one  dataset)  from  the  single-phase  flow 
experiment  around  4  rods.  The  tracks  of  the 
seeds  around  the  rod  are  clearly  visible.  There 
are  two  recirculation  regions  behind  the  rods  (an 


upper  and  a  lower).  Then  the  binary  image  is 
converted  into  an  array  of  tracers  by  combining 
the  spots  in  the  binary  image.  This  array  is  input 
into  a  tracking  algorithm,  to  produce  the  velocity 
vectors,  Hassan  (1992). 

Figure  5  shows  the  velocity  vectors  from 
the  movement  around  the  four  cylinders  in  the 
single-phase  experiment.  The  recirculation 
regions  are  visible  behind  the  cylinders.  Figure  6 
was  produced  by  subtracting  0.65  of  the  mean 
velocity  from  all  the  vectors  in  the  flow  field  to 
enhance  the  region  behind  the  cylinders.  Figure 
7  is  a  plot  of  the  vorticity  of  this  flow  field.  The 

water  flow  rate  was  126  cm^/s.  The  results  from 
the  experiment  showed  that  the  average  velocity 
of  the  water  was  approximately  0.01  m/s. 

Figure  8  shows  the  velocity  field  of  the 
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Figure  9.  Two-Phase  Flow  Velocity  Vector  Track  -  Air  Bubbles 


bubbly  flow  around  a  cylinder  in  a  channel  can 
be  effectively  studied  using  the  PIV  flow 
visualization  technique.  The  technique  can  be 
used  to  obtain  the  velocity  field  from  this  type  of 
flow  field. 
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Figure  7.  \brticity  Plot  of  single  Phase  Flow  Experiment 


Figure  8.  Two-Phase  Flow  Velocity  Vector  Track  -  Water 
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ABSTRACT 

The  unsteady  flowfield  above  a  NACA  0012  airfoil 
pitching  under  deep  dynamic  sull  conditions  has  been 
investigated  in  a  low-speed  wind  tunnel  by  means  of 
Particle  Image  Velocimetry  measurements  and  laser- 
sheet  visualizations.  The  PIV  results  show  the  occurrence 
of  small-scale  structures  in  the  separated  flowfield  and 
even  within  the  dynamic  stall  vortex  for  increasing  inci¬ 
dences,  and  the  complex  flow  behaviour  during  the 
downstroke  regime.  Due  to  the  finite  shutter  speed  of  the 
video  camera,  the  visualization  technique  cannot  record 
such  structures:  instead,  we  obuin  a  large-scale  vortex 
rolling  up  in  the  upstroke.  Thus  it  is  seen  that  PIV  allows 
to  better  analyze  the  qualitative  visualization  pictures 
obtained  when  investigating  unsteady  separated 
flowfields. 


1.  INTRODUCTION 

Because  of  the  requirement  of  increased  peifor- 
mance  and  maneuverability,  unsteady  separated  flow 
phenomena  have  received,  in  recent  developments  of 
aircraft  technology,  a  great  deal  of  attention.  In  the 
particular  case  of  a  helicopter  in  high-speed  forward 
flight,  the  retreating  rotor  blades  experience  a  combi¬ 
nation  of  high  incidences  and  low  velocities  of  the 
oncoming  fteestream,  so  that  an  unsteady  stalled 
flowfield  can  be  obtained  over  the  blade.  It  is  of  course 
of  great  importance  to  be  able  to  characterize  the  flow 
phenomena  involved  in  this  flight  configuration. 

It  has  been  very  soon  noticed  that  the  basic  effects 
of  this  stalled  flow  could  be  reproduced  in  a  realistic  way 
by  simulating  a  two-dimensional  sinusoidally  pitching 
airfoil  (McCroskey  and  Fisher  1972).This  simplification 
has  led  to  numerous  experimental  investigations  (for 
example  Carr  et  al.  1977)  which  have  shown  the  relation 
between  the  main  features  observed  on  the  lift  and 
pitching  moment  curves  (delay  of  stall  to  higher  inci¬ 
dences  and  much  higher  maximum  values  with  respect 
to  the  steady  case)  and  the  formation,  development  and 
subsequent  shedding  of  an  organized  vortex  structure  on 
the  airfoil:  this  phenomenon  is  widely  known  under  the 
term  'dynamic  stall' (McCroskey  1981). 

Most  of  these  experimental  results  were  obtained  by 
qualitative  flow  visualizations  and  quantitative  pressure 


measurements.  The  velocity  field  over  a  pitching  airfoil 
has  also  been  explored  by  means  of  hot  wires  (De  Ruyck 
and  Hirsch  1984)  and  most  recently,  by  use  of  the  Laser 
Doppler  Anemometry  (LDA)  technique  (Wernert  et  al. 
1992a).  However,  to  study  the  mechanisms  involved  in 
such  an  unsteady  flow,  it  would  be  better  to  have 
instantaneous  data  about  the  whole  velocity  field  at  one's 
disposal:  therefore,  a  global  method  such  as -the  Particle 
Image  Velocimetry  (PIV)  technique  seems  to  be  best 
suited. 

The  purpose  of  the  experiments  reported  here  is  to 
characterize  the  unsteady  separated  flowfleld  over  a 
pitching  airfoil  oscillating  under  deep  dynamic  stall 
conditions:  for  this,  toth  PIV  and  laser-sheet 
visualization  techniques  are  used. 


2.  EXPERIMENTAL  FACILITY 
2.1  Wind  Tunnel  and  Airfoil 

The  experiments  were  conducted  in  the  ISL  low- 
speed  wind  tunnel,  described  by  Jaeggy  (1982).  This 
tunnel  has  an  open  and  rectangular  test  section  of  70  cm 
width.  90  cm  height  and  80  cm  length.  The  fleestream 
turbulence  is  less  than  0.2S  %. 

The  airfoil  had  a  NACA  0012  profile  of  c  =  20  cm 
chord  and  56  cm  span.  It  was  mounted  between  two 
circular  end  plates  of  plexiglass  (diameter  40  cm)  in  order 
to  assure  a  two-dimensional  flow  in  the  vertical  center 
plane  of  the  test  section.  The  airfoil  oscillated  around  an 
axis  at  25%  chord  from  the  leading  edge. 


2.2  Driving  Mechanism 

The  airfoil  motion  to  be  investigated  is  provided 
a  novel  system  (Wernert  et  al.  1992b)  which  includes  an 
automated  apparatus  (Asea  Brown  Boveri  type  Procontic 
T300)  that  can  be  programmed  by  the  user,  two  variable 
speed  drives,  each  controlling  a  brushless  motor  (this 
system  has  been  designed  to  produce  two  kinds  of  mo¬ 
tions:  pitching  and  heaving  motions)  and  a  support 
system,  essentially  adapted  to  transmit  the  motions  from 
the  motors  to  the  airfoil  by  means  of  mechanical  parts 
such  as:  rotating  arms,  cardans,  driving  belts,  etc  (see  Fig. 
1). 
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Fig.  1:  Schema  of  the  airfoil  driving  mechanism 

The  control  of  these  motions  is  made  by 'comparison 
of  the  actual  angular  position  of  the  motors  and  the  value 
computed  by  the  automated  apparatus.  The  angular  po¬ 
sitions  of  the  motors,  the  pitching  incidence  and  the 
heaving  position  of  the  airfoil  are  given  by  incremental 
rotary  and  linear  encoders.  The  accuracy  of  these 
encoders  is  respectively  0.09“  and  5  pm  . 

The  airfoil  motions  are  programmed  on  the  basis  of 
a  point-by-point  procedure  which  allows  a  large  domain 
of  motions  to  be  investigated.  Thus,  it  is  possible  to 
obtain  periodic  motions  (harmonic,  sawtooth  or  more 
complex  motions)  or  transient  motions  (steps,  ramps) 
with  maximal  frequency  of  15  Hz  for  pitching  motions 
and  7  Hz  for  heaving  motions.  Of  course,  inertial  effects 
of  the  mechanical  parts  limit  the  actual  amplitude  and 
complexity  of  the  motions  when  frequency  increases  or 
rise  time  decreases. 


3.  LASER-SHEET  VISUALIZATIONS 

A  complete  laser-sheet  visualization  setup  has  been 
installed:  it  is  composed  of  a  continuous  argon  laser 
(power  used;  3-4  W),  a  few  mirrors  in  order  to  lead  the 
laser  beam  to  the  top  of  the  wind  tunnel  test  section  and 
finally,  a  cylindrical  and  a  converging  lens  which  expand 
the  beam  into  a  vertical  plane  about  1  mm  thick,  located 
at  airfoil  midspan. 

Vaporized  oil  particles  were  injected  in  the  flow, 
about  20  cm  upstream  from  the  airfoil  leading  edge. 

The  airfoil  was  painted  in  black  to  avoid  light 
reflections;  white  marks  were  also  drawn  on  the  airfoil 
suction  side  (at  midspan)  in  order  to  estimate  easily  the 
chordwise  location  of  the  vortex  structures. 

Pictures  were  uken  with  a  video  camera  (Sony 
TR-808)  operating  at  the  standard  frequency  of  25 
pictures  per  second.  One  important  parameter  to  be 
defined  was  the  camera  shutter  speed;  a  compromise  had 
to  be  found  between  a  high  shutter  speed  (i.e.  a  short 
recording  time)  in  order  to  freeze  the  vortex  development 
on  the  pictures  and  a  low  shutter  speed  (i.e.  a  longer 
recording  time)  to  have  enough  light  scattered  by  the 
seeded  particles;  the  chosen  time  was  finally  I  ms. 

It  was  also  necessary,  for  a  relevant  comparison  with 
the  PIV  results,  to  obtain  visualization  pictures  at  as 
many  incidences  as  possible;  because  of  the  periodicity 


of  both  the  camera  (one  picture  every  40  ms)  and  the 
airfoil  motion  (period  of  150  ms),  it  appeared  that  after 
4  complete  periods  (6(X)  ms),  the  pictures  were  again 
taken  at  the  same  phases  of  the  airfoil  motion. 
Therefore,  we  had  to  take  several  sequences  with  inter¬ 
ruption  of  the  camera  between  successive  sequences  in 
order  to  get  pictures  at  random  phases  of  the  airfoil  mo¬ 
tion.  With  this  operating  procedure,  it  became  possible 
to  obtain  several  hundreds  of  pictures  taken  at  different 
phases  of  the  airfoil  motion. 

Of  course,  it  was  also  essential  to  know  the  airfoil 
incidence  for  each  recorded  video  frame:  therefore,  a 
display  system  showing  the  instantaneous  incidence  of  the 
airfoil  measured  by  an  incremental  rotary  encoder  was 
mounted  near  the  airfoil,  in  the  sight  field  of  the  camera; 
a  synchronization  system  based  on  the  camera  output 
video  signal  was  developed  (see  Fig.  2)  in  order  to  freeze 
the  incidence  value  displayed  at  the  instant  when  the 
CCD-sensor  of  the  camera  begins  to  record  the  picture. 
This  system  allowed  us  to  know  the  instantaneous  inci¬ 
dence  of  the  airfoil  for  each  picture  with  an  accuracy  of 
0.01“. 


Fig.  2:  Simplified  schema  of  the  accurate  incidence 
measurement  during  visualizations 


The  recorded  pictures  were  then  digitized  and  image 
processing  techniques  were  employed  for  two  purposes: 
firstly,  to  improve  the  contrast  of  the  pictures  by  using 
spatial  filters  and  secondly,  to  rearrange  them  in  order  to 
obtain  a  video  movie. 

All  the  aspects  of  the  laser-sheet  setup,  procedure  of 
pictures  recording,  accurate  incidence  determination  and 
image  processing  are  described  in  detail  by  Wernert  et 
al.  (1994). 


4.  PARTICLE  IMAGE  VELOCIMETRY  SYSTEM 

During  the  last  years  a  PIV  system  has  been 
developed  at  DLR,  which  can  be  operated  under  the 
rough  environmental  conditions  of  wind  tunnels 
(Kompenhans  et  al.  1993  and  Fig.  3). 

A  double  oscillator  Nd:YAG  pulse  laser  is  used  for 
illumination  (Kompenhans  and  Hbcker  1988).  The 
output  energy  is  70  mJ  (for  each  pulse)  at  532  nm,  the 
pulse  length  20  ns.  Typical  time  delays  between  the  two 
pulses  range  from  10  ps  to  14  ps  for  these  experiments. 
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The  output  energy  of  our  laser  was  sufficient  to  illuminate 
a  sheet  of  20  cm  height  and  29  cm  length,  when  using  a 
photographic  system  with  an  f-number  of  2.8  and  a 
Kodak  TMAX  3200  recording  material. 

The  tracer  particles  have  been  generated  by  means 
of  several  Laskin  nozzles  in  parallel  (Hunter  and  Nichols 
1985):  pressurized  air,  injected  in  olive  oil,  leads  to  the 
formation  of  small  oil  droplets.  The  aerosol  generator 
was  located  outside  the  tunnel.  It  was  connected  by  a 
pipe  to  a  specially  developed  low-disturbance  ejection 
device  for  homogeneous  seeding  density,  which  was 
mounted  in  the  settling  chamber  of  the  tunnel.  The  mean 
diameter  of  the  tracer  particles  (olive  oil),  measured  at 
the  exit  of  the  Laskin  nozzle  by  means  of  a  particle 
analyzer  (Polytec  HC-IS),  is  1.06  pm  (Schafer  1993). 

Due  to  the  diffraction  limited  imaging  of  the  1pm 
tracer  particles,  the  depth  of  focus  could  decrease  to  less 
than  1  mm  (Adrian  1991).  In  order  to  save  time  when 
aligning  the  system,  the  photographic  35  mm  camera  is 
equipped  with  a  device  for  fast  focusing  (Towers  et  al. 
1991):  a  CCD  sensor  has  been  mounted  in  the  viewfinder 
of  the  photographic  camera.  The  position  of  the  CCD 
sensor  is  carefully  aligned  in  such  a  way  that  the  distance 
between  lens  and  CCD  sensor  via  the  mirror  is  exactly 
the  same  as  from  the  lens  to  the  the  film  plane.  The  dis¬ 
tance  between  light  sheet  and  film  plane  can  be  changed 
by  moving  the  complete  camera  system  by  means  of  a 
traversing  table. 

An  image  shifting  system  is  necessary  in  order  to  be 
able  to  investigate  flow  fields  containing  reversal  flow 
regions  and  to  adapt  the  velocity  range  to  the  range  of 
optimal  evaluation.  The  high-speed  rotating  mirror 
system  which  was  used  (Raffel  1993)  allowed  a  high 
velocity  shift  without  noticeable  degradation  of  the 
optical  quality  of  the  PIV  recordings.  It  consists  of  the 
following  components:  a  carefully  balanced  shaft 
mounted  in  a  precision  bearing,  with  a  mirror  mount 
attached  to  one  end  of  the  shaft  and  an  optical  encoder 
fixed  to  the  other  end.  The  rotating  mirror  is  driven  by 
a  stepper  motor,  which  leads  to  stable  rotation 
frequencies  from  1  to  100  Hz.  This  results  in  a  range  of 
shift  velocities  from  -500  m/s  to  +500  m/s  calculated 
with  the  typical  distance  R  =  0.4  m  from  the  observation 
field  to  the  mirror. 


Fig.  3:  Experimental  PIV  setup  with  pitching  airfoil, 
pulse  laser  and  high-speed  rotating  mirror  system. 


The  evaluation  of  the  photographic  PIV  recordings 
is  performed  by  means  of  the  standard  analog-optical  / 
digital  method,  i.e.  by  means  of  the  digital  Fust  Fourier 
Transform  of  Young's  fringes  pattern.  The  location  of  the 
peaks  in  the  2D  autocorrelation  plane  is  determined  by 
means  of  the  grey  value  weighted  'center  of  gravity 
method',  applying  a  variable  threshold  for  clipping  in 
such  a  way  that  the  area  covered  by  the  peaks  matches 
a  pre-defined  value. 

After  the  automatic  evaluation  of  the  PIV  recordings 
a  certain  number  of  obviously  incorrectly  determined 
velocity  vectors  can  usually  be  found  by  visual  inspection 
of  the  raw  data.  In  order  to  get  rid  of  these  incorrect  data 
the  raw  flow  field  data  have  to  be  validated.  For  this 
purpose  special  algorithms  have  to  be  developed,  which 
must  also  work  automatically  (Raffel  et  al.  1992).  It 
should  be  emphasized  that  for  all  PIV  results  presented 
in  this  paper  only  this  validation  algorithm  has  been 
applied  after  automatic  evaluation.  No  smoothing  (e.g. 
by  means  of  gaussian  filters  or  interpolation  of  missing 
data)  has  been  carried  out. 

The  absolute  overall  accuracy  of  this  PIV  system 
depends  on  many  parameters  and  has  to  be  checked 
separately  for  each  experiment.  No  simple  method  is 
available  to  do  this;  however,  it  is  possible  to  give  a  re¬ 
lative  accuracy  for  the  present  system  from  other  investi¬ 
gations  in  low  turbulence  flows;  spatial  turbulent 
structures  in  a  flow  field  with  a  degree  of  turbulence  of 
0.6%  as  measured  by  means  of  a  hot  wire,  could  be 
obuined  (Kompenhans  et  al.  1993).  The  error  sources  in 
PIV  investigations  are  further  discussed  by  Raffel  et  al. 
(1992). 

ITie  PIV  recordings  were  taken  during  the  upstroke 
and  the  downstroke  motions  of  the  model  in  intervals  of 
1®.  Because  of  the  limited  pulse  rate  of  the  Nd;YAG 
laser  and  the  performance  of  the  winder  of  the 
photocamera  (about  one  picture/second),  it  was  not  pos¬ 
sible  to  record  the  flowfields  at  many  different  angles  of 
incidence  within  one  oscillation  of  the  airfoil:  therefore, 
the  records  were  taken  in  successive  cycles,  leading  to  the 
problem  of  reproducibility  mentioned  later. 

During  the  experiments  the  rotation  of  the  mirror  and 
the  pulse  rate  of  the  laser  were  controlled  by  means  of  a 
high-precision  pulse  generator.  This  pulse  generator  was 
driven  with  a  frequency  which  was  an  integer  multiple 
of  the  frequency  of  the  driving  mechanism  of  the  airfoil. 
Both  systems  were  running  in  a  very  stable  way.  Thus, 
it  was  possible  to  obtain  e.g.  6  PIV  recordings  within 
about  6  seconds  at  exactly  the  same  phase  of  the  pitching 
motion  (with  each  record  being  taken  out  of  a  different 
cycle),  dthough  the  absolute  value  of  the  incidence  could 
not  be  measured  very  accurately.  The  system  was  then 
adjusted  to  the  next  pitching  angle  in  a  step-by-step 
procedure. 


5.  RESULTS  AND  DISCUSSION 
5.1  Airfoil  Motion 

The  selected  airfoil  motion  for  this  investigation  had 
the  following  incidence  law: 

<x(t)  =  15®  +  10®  sin  2nft 

with  a  frequency  f  =  6.67  Hz.  The  freestream  velocity 
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was  U_  =  28  m/s  corresponding  to  a  Reynolds  number, 
based  on  chord  length,  of  373000.  These  values  led  to  a 
reduced  frequency 


The  incidence  variation  of  ±  10*.  the  mean  incidence 
of  IS*  and  the  above-mentioned  value  of  reduced 
frequency  correspond  to  the  "deep  stall"  case  according 
to  the  description  given  by  McCroskey  (1981);  thus 
strong  unsteady  effects  can  be  expected. 


S.2  Presentation  of  the  Results 

In  order  to  be  able  to  follow  the  evolution  of  the 
dynamic  stall  process  during  a  whole  cycle,  both  PIV 
velocity  fields  and  visualization  pictures  are  shown  for 
nine  different  phases  of  the  airfoil  motion  .^Fig.  4a  to 
12b).  The  flow  direction  is  from  left  to  right.  As  the  video 
and  photographic  camera  were  not  exactly  located  at  the 
same  place,  a  slight  parallax  effect  can  occur  when 
comparing  the  results. 

The  visualization  pictures  cannot  be  considered  to 
be  instantaneous  ones  because  of  the  finite  camera 
shutter  speed  (i.e.  1  ms)  :  therefore  it  is  essential  to  know 
the  incidence  interval  described  by  the  airfoil  during  the 
recording  time  of  1  ms.  By  measuring  the  incidence  of 
the  airfoil  when  the  CCD-sensor  of  the  camera  begins  to 
record  a  picture  (this  value  is  indicated  on  the 
visualization  pictures)  and  knowing  the  incidence  law  of 
the  airfoil  oscillation,  it  is  easy  to  calculate  the  incidence 
when  the  CCD-sensor  stops  the  recording  of  the  picture 
concerned.  These  two  incidences  are  noted  for  each 
visualization  picture.  The  presence  of  the  end  plates  can 
also  be  noticed  on  these  pictures. 

It  is  also  necessary  to  sute  that  the  undisturbed 
freestream  is  directed  IS  *  upwards  for  the  PIV  pictures, 
due  to  the  position  of  the  photographic  camera  (IS  *  is 
the  mean  airfoil  incidence).  For  visualization  pictures,  the 
freestream  is  horizontal. 


S.3  Comparison  of  PIV  and  Visualization  Pictures 

In  general,  a  good  agreement  is  found  between  these 
two  sets  of  data.  The  basic  flow  structures  are  respected; 
attached  flow  at  low  incidences  (Fig.  4a  and  4b),  for¬ 
mation  and  development  of  the  dynamic  stall  vortex 
during  upstroke  (Fig.  Sa  to  7b),  complex  interactions  of 
vortices  during  downstroke  (Fig.  8a  to  11b)  and  finally, 
reattachment  from  the  leading  edge  (Fig.  12a  and  12b). 

However,  three  phases  of  the  dynamic  stall  process 
should  be  commented:  firstly,  figures  4a  and  4b  show  a 
thin  layer  without  seeded  particles  on  the  airfoil  surface 
although  the  flow  is  fully  attached;  this  can  be  related  to 
the  existence  of  a  "thin  reversal  flow  layer"  which  is 
characteristic  of  unsteady  flows  (Telionis  1981)  and 
which  has  been  reported  in  many  investigations  on 
dynamic  stall  (see  Carr  et  al.  1977). 

Secondly,  the  small-scale  vortex  structures  seen  on 
the  PIV  results  are  not  observed  on  the  visualization 
pictures.  For  increasing  incidences  (Fig.  Sb,  6b  and  7b), 
we  have  instead  streaklines  showing  a  large-scale  vortex 
rolling  up.  These  streaklines  are  recognized  to  form  the 
separation  line  between  the  "external"  undisturbed  flow 


and  the  "internal"  dynamic  stall  vortex.  The  absence  of 
small-scale  vortex  structures  on  the  visualization  pictures 
is  due  to  an  'integration  effect"  that  can  be  related  to  the 
finite  shutter  speed  of  the  video  camera  (1  ms  as 
compared  to  about  10  ps  for  PIV  measurements).  It 
appears  here  that  a  low  shutter  speed  can  lead  to  a  too 
simplified  interpretation  of  this  flow  phenomenon  when 
the  laser-sheet  technique  is  used  alone.  A  higher  shutter 
speed  should  therefore  be  used,  although  more  laser 
energy  is  required. 

The  third  main  difference  is  obtained  for  high 
increasing  and  decreasing  incidences,  when  the  flow  re¬ 
mains  fully  separated  over  the  airfoil;  the  flow  structures 
observed  on  both  PIV  and  visualization  pictures  are  not 
exactly  the  same.  This  can  be  explained  by  small 
discrepancies  in  incidence  between  the  two  data  sets  (it 
must  be  remembered  that  the  incidence  of  the  PIV  re¬ 
cords  could  not  be  measured  very  accurately)  and  by  the 
fact  that  the  flow  is  very  unsteady  (compare  Fig.  7a  and 
7b).  Another  explanation  is  related  to  the  problem  of 
reproducibility  of  this  flow  phenomenon.  The  PIV  and 
visualization  pictures  were  not  taken  al  the  same  time  but 
in  successive  wind-tunnel  runnings;  thus,  comparing  these 
two  kinds  of  results  presupposes  that  the  dynamic  stall 
events  are  the  same  for  successive  cycles,  i.e.  the  process 
is  perfectly  reproducible.  In  fact,  the  6  PIV  records  and 
the  numerous  visualization  pictures  taken  for  each  inci¬ 
dence  showed  pronounced  differences  between  cycles,  for 
angles  of  attack  greater  than  24*  on  the  upstroke  and 
during  the  complete  downstroke  part  of  the  airfoil  motion 
;  a  similar  result  was  established  by  Shih  et  al.  (1992). 
This  problem  is  also  of  importance  when  trying  to  make 
a  video  movie  from  visualization  pictures  taken  at 
different  cycles  of  the  airfoil  motion.  A  more  detailed 
discussion  is  given  by  Raffel  et  al.  ( 1994). 


5.4  Remark  on  the  PIV  Results 

Lastly  the  high  quality  of  the  PIV  pictures  should  be 
emphasized:  small-scale  vortices  can  be  recognized  even 
within  the  dynamic  stall  vortex.  However  a  lack  of 
velocity  vectors  is  observed  in  some  critical  flow  regions 
(airfoil  surface,  leading  and  trailing  edges):  this  can  be 
explained  by  the  limitations  of  the  experimental  techni¬ 
ques  (low  light  intensity  at  the  field  boundaries)  and  by 
the  non-optimal  distribution  of  particles  due  to 
aerodynamic  phenomena  (existence  of  thin  reversal  flow 
regions  on  the  airfoil,  possibility  of  strong  velocity 
gradients  within  the  interrogation  spot,  possibility  of 
strong  three-dimensional  velocity  components).  As  these 
three  areas  (airfoil  surface,  leading  and  trailing  edge 
regions)  are  essential  to  the  complete  understanding  of 
the  dynamic  stall  process,  further  improvements  are 
required  to  quantify  these  missing  regions. 


6.  CONCLUSIONS  AND  PERSPECTIVES 

The  unsteady  flowfield  above  a  NACA  0012  airfoil 
pitching  under  deep  dynamic  stall  conditions  has  been 
investigated  in  a  low-speed  wind  tunnel  by  means  of 
Particle  Image  Velocimetry  measurements  and  laser- 
sheet  visualizations.  The  PIV  results  have  been  seen  to 
be  of  high  quality,  although  velocity  data  were  missing  in 
some  critical  flow  regions. 
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Fig  4a:  0=17*’  (upstroke) 
PIV  picture 


Fig  5a:  a  =  22”  (upstroke) 


Fig  6a:  a  =  24”  (upstroke) 


Fig  4b:  16.94”  <  a  <  17.34”  (upstroke) 
Visualization  picture 


e  m 


Fig  5b:  21.72”  <  a  <  22.02”  (upstroke) 


Fig  6b;  23. 33”  <  a  <  23.55”  (upstroke) 
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Fig  7a:  a  =  25° 


Fig  7b;  24.95°  <  a  <  24.98°  (upstroke) 


Fig  8a:  a  =  24°  (downstroke) 


Fig  8b:  24.09°  <  a  <  23.90°  (downstroke) 


Fig  9a;  a  =  23°  (downstroke)  Fig  9b:  22.99°  <  a  <  22.73°  (downstroke) 
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The  differences  observed  between  I’lV  and 
Visualizations  pictures  have  been  related  to  ihe  exposure 
time  of  the  recording  systems,  to  the  discrepancies  in 
airfoil  incidences  and  to  the  problem  of  reproducibility 
of  the  flow  phenomenon.  A  higher  shutter  speed  for 
visualizations  and  a  better  incidence  measurement  system 
for  PIV  should  be  used  in  future  experiments.  The 
problem  of  reproducibility  of  the  flow  phenomenon 
should  also  be  investigated. 
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ABSTRACT 

The  embedded  optical  fibre  LDA  technique  used  to 
investigate  the  boundary-layer  behavior  on  oscillating 
models,  is  a  powerful  tool  to  characterise  phenomena  sueh  as 
transition,  separation  and  reattachment  in  unsteady  Hows.  To 
gain  a  better  understanding  of  the  boundary  layer  response  to 
unsteadiness,  previous  works  from  the  present  group  have 
been  focused  on  the  development  of  an  embedded  LDA 
technique,  suited  for  unsteady  boundary- layer  measurements 
on  an  oscillating  Hat  plate  model. 

In  the  present  paper,  such  an  embedded  LDA 
technique  has  been  extended  to  boundary-layer  measurements 
around  moving  curved  walls  and  oscillating  airfoils  of 
arbitrary  shape.  Moreover,  the  present  extension  of  the 
embedded  measuring  technique  also  includes  the  determination 
of  the  20  instantaneous  velocity  proftles  (U.  V).  tangent  and 
normal  to  the  local  wall  curvature.  The  following  sections 
present  typical  data  sets  illustrating  some  aspects  of  the 
steady  and  unsteady  boundary- layer  behavior  .specially  in  the 
case  of  a  fore-and-aft  oscillation,  including  t’.>fbulenl 
separation  phenomena.  It  results  from  these  measurements,  a 
steady  and  unsteady  turbulent  separation  criteria  based  on  the 
shape  factor  H. 


INTRODUCTION 

The  determination  of  the  boundary-layer  response 
to  unsteadiness  produced  by  the  forced  motion  of  an  airfoil, 
requires  nowadays  additional  inscstigations  on  basic  unsteady 
flow  phenomena,  including  unsteady  separation  which  plays  a 
maior  role  in  a  wide  range  of  aeronautical  applications  see 
Telionis  ( 1981),  Cousteix  &  Houdevilic  (1988),  Favier  &  alii 
(1988).  To  gain  a  better  understanding  of  the  boundary  layer 
response  to  unsteadiness,  previous  works  from  the  present 
group,  see  Favier  &  alii  (1990).  Favier  &  alii  (1992). 
Pascacio  &  alii  (1993),  have  been  focused  on  the  development 
of  an  embedded  LDA  technique,  suited  for  unsteady  boundary- 
layer  measurements  on  an  oscillating  flat  plate  model.  The 
measurement  principle  has  been  based  on  a  LDA  optical  fibre 
option  using  an  optical  head  embedded  inside  the  oscillating 
flat  plate  model.  The  re.sult  was  a  ID  longitudinal  velocity 
measurement  in  a  reference  frame  linked  with  the  moving 
wall. 

In  the  present  paper,  such  an  embedded  LDA 
technique  has  been  extended  to  boundary-layer  measurements 
around  moving  curved  walls  and  oscillating  airfoils  of 


arbitrary  shape.  As  described  below,  the  measurement 
principle  then  consists  in  using  a  dillercnt  arrangement  ol  the 
LDA  optical  fibres  option,  which  is  iiistalled  outside  the 
airfoil,  but  always  linked  with  the  o.scillating  frame  and  thus 
with  the  motion  law  of  the  model.  Morever.  the  present 
extension  of  the  embedded  measuring  technique  also  includes 
the  determination  of  the  2D  instantaneous  velocity  profiles 
(U.  V).  see  Favier  &  alii  (1994).  tangent  and  normal  to  the 
local  wall  curvature. 

The  present  results  concern  L'  and  V  steady  and 
unsteady  boundary- layer  measurements  performed  at  different 
distances  from  the  leading-edge  of  a  NACA  ()0I2  airloil.  and 
for  various  conditions  ol  trequency.  amplitude  and  incidence 
of  the  airfoil  oscillating  in  lorc-and-ali  motion  (oscillation 
parallel  to  the  frecstream  direction  with  a  fixed  incidence  Oq) 
Specially  the  U  and  V  instantaneous  velocity  profiles  will 
clearly  exhibit  the  powcrfull  efficiency  of  the  embedded  non- 
intrusive  technique  in  investigating  non-steady  How 
problems,  such  as  the  unsteady  separation  and  the  unsteady 
reattachment  on  the  moving  surface.  This  study  has  also 
provided  suited  turbulent  separation  criteria  in  steady  and 
unsteady  flows,  based  on  the  shape  lactor  quantity  H. 


EXPERIMENTAL  SET-UP  AND  MEASUREMENT 
PROCEDURE 

As  sketched  in  Figure  1.  experiments  are  conducted 
at  I.M.F.M.  in  the  S2-Luminy  subsonic  wind-tunnel 
(rectangular  cross  section  :  0.5  x  1.0  m-  .  length  :  .’m  . 
velocity  L'oo  ^  20  ms"’)-  by  means  of  an  oscillating  device 
located  under  the  wind-tunnel  test  section.  The  NACA  (K)12 
airfoil  is  supported  in  a  vertical  position  and  attached  to  the 
oscillating  frame  by  means  of  a  support  shaft  located  at  the 
quarter  chord  axis.  Different  kinds  ol  airloil  motions  can  be 
simulated  ;  fore-and-aft.  plunging,  pitching  and  lore-and-alt 
coupled  to  pitching,  sec  Favier  &  alii  (1988). 

The  airfoil  is  30  cm  in  chord,  49  5  cm  in  span  and 
3.6  cm  in  thickness.  As  shown  in  Figure  2.  the  optical  head  is 
mounted  on  a  supporting  turntable  which  is  attached  to  the 
oscillating  frame.  The  optical  head  is  equipped  with  a  beam- 
expander  to  increase  the  local  distance  to  I  =  4(K)  mm.  so  that 
the  la.scr  beams  are  focused  at  mid-span  in  the  fvundary-laycr 
through  a  45°  mirror.  Due  to  the  lact  that  (he  supporting 
turntable  is  linked  with  the  oscillating  Irame  the  U  and  V 
velocity  profiles  arc  directly  obtained  in  the  reterenee  Irame 
in  relative  motion.  Moreover,  the  optical  head  is  also 
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insulted  on  a  2D-displacement  device  mounted  itself  on  the 
turntable.  This  teledriven  system  allows  the  adequate 
positionning  of  the  measurement  volume  at  any  point  of  the 
airfoil  surface  (30  cm  of  chordwise  displacement).  A 
teledriven  angular  sector  (from  0°  to  360°  by  step  of  0.1°) 
provides  the  selection  of  the  surveying  normal  direction,  and 
the  measurement  volume  can  then  be  displaced  along  the  local 
normal  n  (from  y  =  0.2  mm  to  y  =  145  mm  with  a  precision 
displacement  of  0.1  pm),  see  Favier  &  alii  (1904). 

Figure  3  presents  the  acquisition  chain  of  the 
bidimensional  LDA  system  operating  in  the  back  scatter 
mode  It  includes  the  Argon  laser  source  (4  W),  the  beam 
splitter  and  the  transmitter  block  where  the  four  beams  (2  blue 
for  the  U-component,  2  green  for  the  V-component)  are 
connected  by  means  of  four  optical  fibres  to  the  optical  head 
linked  with  the  airfoil  motion.  The  light  reception  is  realized 
through  an  additional  optical  fibre  connected  to  a  beam 
splitter  and  two  photomultipliers  PM  I  and  PM2  (see  Figure 
3).  The  main  characteristics  of  such  a  LDA  system  are  as 
follows  : 

-  On  the  blue  color,  (wavelength  :  488  nm)  the 
measurement  volume  is  0.23  x  0.23  x  5.74  mm^  ;  and  the 
interfringe  is  i  =  6. 10  mm. 

-  On  the  green  color  (wavelength  :  514.5  nm).  the 
measurement  volume  is  0.24  *  0.24  x  6.08  mm^  ;  and  the 
interfringe  is  i  =  6.44  pm. 

Data  acquisition  is  made  on  a  computer  from  2 
Burst  Spectrum  Analyzers  delivering  for  each  velocity 
component  (U,  V)  the  Doppler  frequencies  and  the  arrival 
validation  time  for  each  frequency  measurement  (Figure  3). 
The  arrival  validation  times  are  counted  from  a  time  origin 
delivered  by  a  photoelectric  cell  mounted  on  the  oscillating 
device  and  providing  the  airfoil  position  at  each  cycle  of 
oscillation.  liie  software  (COMBSA)  used  for  acquisition  and 
data  reduction  is  developped  at  I.M.F.M.  under  Labview 
system  (National  Instruments).  The  unsteady  data  reduction 
technique  is  made  using  an  ensemble  average  procedure  suited 
for  periodic  flows  investigation,  see  Favier  &  alii  (I992). 
Favier  &  alii  (1 994).  Due  to  the  periodicity  of  the  flow,  each 
period  is  considered  as  a  specific  sample  of  the  same 
phenomenon  (see  Figure  4),  so  that  each  velocity  component. 
U(t)  or  V(t),  can  be  obuined  at  each  phase  angle  tut  as  the 
averaged  value  of  the  velocity  samples  recorded  at  the  same 
given  phase  angle  and  over  a  large  number  (ligher  than  50)  of 
cycles  of  oscillation.  The  simultaneousness  of  the  2D 
measurement  is  then  obtained  from  the  post-synchronisation 
by  software  of  the  data  obtained  at  the  same  phase  during  the 
oscillating  period  (divided  for  the  present  tests  into  32 
intervals  of  phase  tut).  Fourier  series  analysis  of  each  velocity 
component  (U.  V)  arc  then  obtained  as  sketched  in  Figure  4. 

Concerning  the  seeding  of  the  flow,  rates  of  data 
validation  of  about  500  Hz  are  obtained  using  a  mixture  of 
alcohol  and  glycerine.  As  shown  in  Figure  I  the  freestream 
flow  is  seeded  by  means  of  a  streamlined  tube  located  in  the 
suction  chamber  of  the  wind-tunnel. 


uniform  steady  flow  (U„  =  5  m/s.  Rec  =  lO^).  at  a  fixeo 
longitudinal  distance  from  the  leading  edge  (s/C  =  0.508)  and 
for  six  different  values  of  the  angle-of-attack  Oq  =  9’  ;  I2°  ; 

1 2.5°  ;  I4°  16°  ;  20°.  For  the  lower  values  of  the  airfoil 

incidence  (Oy  =  9°.  l2°).  the  U  =  U  (y)  profile  indicates  that 
the  boundary-layer  is  turbulent  and  attached  on  the  forward 
part  of  the  airfoil  (0  <  s/C  ^  0.508),  and  that  its  thickness 
slightly  increases  with  Oq  (6  «  lO  mm).  The  V-component 
evolution  remains  strictly  positive  as  a  function  of  y.  and  its 
level  tends  to  zero  in  the  region  very  close  to  the  wall  (y  <  7 
mm).  It  can  be  noticed  that  the  data  acquisition  of  the  V- 
component  have  been  no  longer  realized  for  y  <  7  mm,  due  to 
the  very  weak  levels  recorded  (V  <  0. 1  m/s)  and  to  the  sharp 
increase  in  the  time  validation  required  to  acquire  data  in  this 
region. 

A  slight  increase  of  the  incidence  at  ag  =  12.5° 
(which  is  a  value  close  to  the  stall  incidence  angle  of  the 
NACA  0012  airfoil),  produces  a  significant  change  on  both  U 
and  V  velocity  profiles.  The  U-component  exhibits  the 
occurence  of  a  recirculating  zone  (10  mm  in  thickness,  at  the 
point  where  U  =  0)  where  negative  values  of  U  are  obuined. 
The  V-component  also  shows  negative  values  in  this 
recirculating  zone.  As  og  increases  to  higher  value  (og  =  14° 

.  16°  .  20°)  the  thickness  of  the  recirculating  zone  is 
significantly  increased  as  well  as  the  thickness  of  the  flow 
region  where  viscous  effecu  are  present  (y  -  100  mm  at  Og  = 
20°).  It  can  be  also  noticed  that  the  point  U  =  0  nearly 
corresponds  to  the  maximum  negative  values  of  V.  This 
maximun  value  is  shown  to  decrease  due  to  the  thickening  of 
the  recirculating  zone  as  og  increases. 

Such  steady  flow  experiments  performed  on  the 
airfoil  at  rest  in  the  uniform  flow,  and  at  different  conditions 
of  velocity  U„  and  incidence  otg,  have  provided  suited  criteria 
of  transition  and  separation  based  on  the  integral  thicknesses 
of  the  boundary-layer  (61,  62,  H  =  61/62.  63,  63  )  directly 
deduced  from  the  velocity  profiles  measurements,  see  Favier 
&  alii  (1994). 

In  this  paper,  only  the  turbulent  separation  criteria 
is  presented  which  is  based  on  the  shape  factor  H  as  follows  : 

■^^^►the  occurence  of  separation  corresponds  to  H  2  H*. 
with: 

H  =  61/62  et  H*  =  2,70  ;  and  integral 
thicknesses  are  defined  by; 
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STEADY  BOUNDARY-LAYER  MEASUREMENTS 
WITH  SEPARATION 

Figur-  gives  a  typical  example  of  the  U  and  V 
velocity  profiles  ....asured  on  the  NACA  (X)I2  airfoil  in  the 


presence  of  a 
corresponds  to 


separated  boundary-layer 
H  >  H*  or  H  <  0, 
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^  the  presence  of  an  attached  boundary-layer 
corresponds  to  0  <  H  <  H*. 

An  example  for  checking  the  above  criterion  is 
shown  in  Figure  6  which  gives  thicknesses  evolutions  of  the 
boundary-layer  81.  82  and  H  =  81/82.  The  white  symbols 
correspond  to  an  attached  boundary-layer  and  the  black 
symbols  to  a  separated  boundary-layer.  The  experimental  test 
conditions  are  relative  to  the  measurements  proposed  in 
Figure  5. 

In  Figure  6.  81  is  around  Smm  for  ag  <12°  which 
corresponds  to  an  attached  flow.  Then  81  suddenly  increases 
when  the  incidence  ag  of  the  airfoil  reaches  I2.S°,  which 
gives  a  separated  boundary-layer  (see  figure  5).  so  the  value  of 
SI  is  thus  beyond  3Qmm  and  reaches  80mm  at  otg  =20°. 

82  increases  too  when  ag  =  12.5°  and  takes 
negative  values  for  greatest  incidences  which  'are  due  to  an 
important  recirculating  zone. 

Finally,  the  evolution  of  shape  factor  H  in  Figure 
6  shows  that  the  separation  criterion  (H  >H*  =  2.70)  detects 
clearly  the  occurence  of  the  boundary-layer  separation.  When 
the  boundary-layer  is  attached,  for  ag  =  9°.  1 2°  .  shape  factor 
values  are  around  1 .9  (usual  values  for  turbulent  states).  The 
occurence  of  separation,  for  ag=l2.S°,  produces  an  increase 
of  H  which  grows  over  2.70.  Greatest  incidences  intensify 
the  separation  level  and  H  has  negative  values  which 
correspond  to  the  occurence  of  an  important  recirculating 
zone. 

UNSTEADY  SEPARATION/REATTACHMENT 
MEASUREMENTS 

When  the  airfoil  oscillates  in  fore-and-aft  motion 
at  a  fixed  high  incidence  (ag  S  12.5°.  where  the  flow 
separation  is  generated  on  the  airfoil)  one  major  effect  of  the 
unsteadiness  is  to  produce  a  dynamic  reattachment  of  the 
boundary-layer  as  examplified  in  Figures  7  to  10  for  og  =14°  ; 
s/C  =  0.508,  U„  =  5  m/s,  (Rcc  =  10^).  The  influence  of  the 
reduced  oscillating  parameters  (amplitude  X  and  frequency  k) 
IS  shown  on  these  Figures  by  means  of  the  U  and  V-profiles 
measured  at  different  phases  cat  of  the  period. 

Figures  7  and  8  show  the  evolution  of  the  U  =  U  (y) 
and  V  =  V  (y)  instantaneous  profiles  at  8  phases  of  the  period 
tot  =  0°.  45°.  90°.  135°  (Figure  7)  ;  and  tot  =  180°,  225°,  270°, 
3 1 5°  (Figure  8).  for  different  values  of  the  reduced  amplitude  X 
and  at  a  fixed  reduced  frequency  k  =0.188.  The  plots  clearly 
exhibit  the  occurence  of  the  unsteady  boundary-layer 
reattachment  during  a  large  fraction  of  the  period  (270°  ^  oat  ^ 
360°  +  45°).  This  reattachment  process  is  only  obtained  for 
the  higher  value  of  X  =  0,377  (A  =  0.30m)  and  corresponds  to 
positive  value  of  both  U  and  V-componem  in  Figures  7,  8. 
During  the  separation  process  (for  instance  oat  =  135°  in 
Figure  6)  the  recirculation  region  remains  almost  the  same  for 
all  values  of  X  as  well  as  for  the  steady  flow  regime. 

This  influence  of  the  X-parameter  on  the 
scparation-reattachment  process  of  the  boundary  layer  is  also 


shown  in  Figure  9.  which  gives  the  mean  unsteady  terms  (Ug. 
Vg)  of  the  Fourier  series  as  a  function  of  X.  The  results 
indicate  that  the  mean  reattachment  (Ug  >  0  and  Vg  >  0)  of  the 
boundary  layer  during  the  period  can  only  be  obtained  at  the 
higher  X  value  (X  =  0.377  in  Figure  9).  For  X  <  0.377  the 
effects  of  the  flow  velocity  variations  are  not  strong  enough 
to  produce  the  mean  reaitachmeni  of  the  fiow  on  the  upper 
side  surface. 

Figure  10  gives  another  example  of  the 
unsteadiness  produced  by  increasing  the  frequency  parameter 
(from  k  =  0. 188  to  k  =  0.288)  at  a  fixed  value  of  X  =  0.377.  In 
this  case  the  U  =  U  (cut)  velocity  profile  is  plotted  at  8 
different  distances  from  the  wall  (varying  from  y  =  0.5  mm  to 
y  =  80  mm),  at  s/C  =  0.508  and  Og  =  14°.  The  results  indicated 
that  the  reattachment  process  occuring  for  tut  >180°.  is 
weakly  dependent  on  the  k-parameier.  On  the  other  hand,  the 
separation  process  is  shown  to  be  delayed  when  k  increases. 
For  instance  at  y  =  0.5  mm  the  separation  is  shown  to  occur  at 
cot  ■■  70°  for  k  =  0.188.  and  at  (0t_=  120°  for  k  =  0.288  in 
Figure  10. 

The  steady  turbulent  separation  criterion  has  been 
also  tested  in  unsteady  flow,  see  Favier  &  alii  (1994).  and 
Figure  1 1  shows  the  evolution  of  the  instantaneous  shape 
factor  corresponding  to  the  two  experimental  cases  plotted  on 
figures  7.  8  and  9.  These  cases  have  common  parameters 
which  are  ag  =14°  ;  s/C  =  0.508  ;  U„  =  5  m/s  ;  f=lHz  ;  k  = 
0.188,  and  they  differ  only  by  the  value  of  X  :  case  A  : 
A=0.30m  ;  X  =  0.377  and  case  B  :  A=0.10m  :  X  =  0.126 

The  parameters  of  case  B  lead  to  a  complete 
separated  configuration  of  the  boundary  layer  during  the 
period  (see  figure  7,  8).  So  H(o>t)  is  at  all  time  out  of  the  range 
defined  by  0  <  H(a)t)  <  H*.  with  H*=2.70  (black  symbols). 

It  is  also  shown  that  the  parameters  of  case  A  lead 
to  the  separaiion-reattachment  process  of  the  boundary  layer. 
For  0  <  cot  <  70°,  shape  factor  values  are  around  1.9  and  the 
unsteady  boundary-layer  is  attached.  The  instant  of  separation 
is  at  cot  -  70°  and  the  reatiachement  occurs  at  cot  »  230°.  (see 
figure  10.  k  =  0.188,  white  symbols  at  y  =  0.5mm).  where  H 
recovers  values  around  1.9.  These  instants  of  separation  and 
reatiachement  are  correctly  detected  by  the  criterion  (see 
figure  1 1 .  white  symbols). 

Figure  12  shows  the  corresponding  evolution  of 
integral  thicknesses  of  the  boundary- layer  6 1  (cot),  52(cot)  and 

- =  -^1--^).  These  results  indicate  an  important  increase 

dy  Ue  Ue 

of  5 1  (cot)  at  the  instant  of  separation  (cot  =  70°)  and  that 
5 1  (cot)  reaches  60mm  when  the  separation  is  the  greatest  (cot 
=  150°).  When  cot  increases.  51  (cot)  decreases  and  recovers 
moderate  values  (around  15mm)  which  correspond  to  an 
attached  turbulent  boundary-layer. 

The  evolution  of  52(cot)  shows  negative  values 
when  the  flow  separation  is  more  important  (cot  «  150°).  This 

is  due  to  the  evolution  of  =  A!-(  1 -li-)  which  provides  a 
3y  Ue  Ue 

negative  area  greater  than  the  positive  area  (see  cot  =  135°), 
and  corresponds  to  the  devellopement  of  an  important 
recirculation  region  whithin  the  boundary- layer.  The 
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momentum  quantity  generated  from  the  recirculating  How  is. 
in  this  case  most,  important  that  the  one  generated  from  the 
flow  parallel  to  the  freestream  direction. 


CONCLUSION 

The  embedded  optical  fibre  LDA  technique  has 
been  successfully  extended  in  this  study  to  2D  velocity 
measurements  (U.V)  around  moving  curved  walls  and 
oscillating  airfoils  of  arbitrary  shape.  Using  this  new 
measurement  technique,  the  boundary-layer  dynamic 
development  and  the  specific  local  unsteady  phenomena  such 
as  separation  and  transition,  can  be  detected  over  a  large 
range  of  y  (0.2mm  <  y  <  145mm). 

Concerning  the  unsteady  separation-reattachment 
process  of  the  boundary  layer,  the  influence  of  the  velocity 
fluctuations  caused  by  the  fore-and-aft  motion  to  create 
significant  mean  reattachement  of  the  flow  has  been 
confirmed.  A  well-suited  criterion  has  been  formulated  as  a 
function  of  the  intantaneous  shape  factor  H.  Using  such  a 
formulation,  the  instantaneous  separation  especially 
generated  in  fore-and-aft  motion  can  be  fully  detected,  as  well 
the  corresponding  reattachement  at  hight  X  values. 

This  embedded  laser  velocimetry  technique  will  be 
applied  in  future  works  on  airfoils  oscillating  in  translation, 
pitching  or  coupled  translation/pitching  motions  in  order  to 
provide  unique  data  to  investigate  more  complex  flow 
configurations,  like  the  vortex  emission  caused  by  the 
instantaneous  boundary- layer  separation  during  the  dynamic 
stall  process  generated  at  different  conditions  of 
unsteadiness. 
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NOMENCLATURE 

A  amplitude  displacement  in  fore-and-aft 

motion,  (m). 

C  chord  of  the  model,  (m). 

f  frequency  of  oscillation.  (Hz). 

H  integral  shape  factor  (H=5l/52). 

k  reduced  frequency  of  oscillation,  (C(a/2Ueo)- 

Rcc  local  Reynolds  number.  (UooC/v). 

Re$  local  Reynolds  number.  (Ue(s.t)s/v). 

s  curvilinear  distance  along  the  wall  from  the 

leading  edge,  (m). 
t  time.  (sec). 

U  boundary-layer  velocity  parallel  to  the  wall, 

_  (ms*'). 

U  unsteady  mean  velocity,  (ms'^. 

Ue  local  external  velocity,  (ms'*)- 

Uoo  freestream  velocity,  (ms'*), 

y  distance  normal  to  the  model  chord,  (m). 

ao  mean  incidence  of  the  model,  (deg). 


5 

boundary-layer  thickness,  (m) 

51 

integral  displacement  thickness,  (m). 

82 

integral  momentum  thickness,  (m). 

S3 

First  integral  energy  thickness,  (m). 

S'3 

second  integral  energy  thickness,  (m). 

X 

reduced  amplitude  of  oscillation.  (Atu/Uoa)- 

phase  angle  of  the  1**  harmonic 

component,  (deg). 

V 

kinematic  viscosity,  (m^s'*). 

to 

angular  frequency.  (2jt0.  (rads'*). 

0)t 

phase  of  the  period,  (deg). 
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Fig.  1  :  Schematics  of  the  experimental  set-up 


Fig.  2  ;  Embedded  LDA  System  on  oscillating  airfoil 


Fig.  3  ;  2D-LDA  acquisition  chain 


Fig  .  4  :  Statistical  phase  averaging  technique  for  each 
velocity  component  (U  and  V) 
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ABSTRACT 

A  high-speed  phase-locked  interferometry  system 
has  been  designed  and  developed  for  real-time  mea¬ 
surements  of  the  dynamic  stall  flow  over  a  pitching 
airfoil.  Point  diffraction  interferograms  of  incipient 
flow  separation  over  a  sinusoidally  oscillating  turfoil 
have  been  obtained  at  framing  rates  of  up  to  20  KHz 
and  for  free  stream  Mach  numbers  of  0.3  and  0.45. 
The  images  were  recorded  on  35mm  ASA  125  and 
ASA  400  Aims  using  a  drum  camera.  Special  elec¬ 
tronic  timing  and  synchronizing  circuits  were  devel¬ 
oped  to  trigger  the  laser  light  source  from  the  cam¬ 
era  and  to  initiate  ac<iuisition  of  the  interferogram 
sequence  from  any  desired  phase  angle  of  oscillation. 
The  airfoil  instantaneous  angle  of  attack  data  pro¬ 
vided  by  an  optical  encoder  was  recorded  via  a  FiFO 
data  buffer  into  a  microcomputer.  The  interferograms 
have  been  analyzed  using  software  developed  in-house 
to  get  quantitative  flow  density  and  pressure  distribu¬ 
tions. 

1.  INTRODUCTION 

Research  on  compressibility  effects  on  dynamic 
stall  of  pitching  rurfoiis  is  on-going  at  the  U.S.  Navy- 
NASA  Joint  Institute  of  Aeronautics  and  is  being  con¬ 
ducted  in  the  Fluid  Mechanics  Laboratory  of  NASA 
Ames  Research  Center.  The  phenomenon  of  dynamic 
stall  pertains  to  the  production  of  lift  at  angles  of  at¬ 
tack  well  beyond  the  static  stall  angle  of  attack  by 
rapidly  pitching  an  airfoil.  The  problem  is  of  impor¬ 
tance  to  helicopters  and  fighter  aircraft.  Dynamic 
stall  occurs  on  the  retreating  blade  of  a  helicopter  as 
it  is  pitched  to  high  angles  of  attack  during  the  por¬ 
tion  of  the  blade  revolution  when  it  is  moving  with 
the  wind.  A  fighter  aircraft  performing  a  rapid  ma¬ 
neuver  also  experiences  dynamic  stall.  The  process 
is  characterized  by  the  formation  of  a  large  vortex 
at  the  leading  edge  (known  as  the  dynamic  stall  vor¬ 
tex)  whose  vorticity  is  responsible  for  the  enhanced 
lift.  However,  its  convection  over  the  airfoil  upper 
surface  needs  to  be  avoided  since  it  produces  strong 
pitching  moment  variations,  which  are  destructive  to 
the  aircraft.  The  current  lack  of  understanding  of 
the  full  flow  details  needed  to  prevent  these  undesir¬ 
able  effects  has  been  responsible  for  the  phenomenon 
remaining  unexploited  thus  far.  Another  characteris¬ 
tic  feature  of  the  flow  is  the  large  flow  accelerations 
around  the  leading  edge,  resulting  in  the  onset  of  com¬ 
pressibility  effects  at  a  very  low  free  stream  Mach 
number  of  0.2.  (McCro8key(l981)].  The  local  flow 


could  become  supersonic  and  form  a  series  of  shocks, 
[Chandrasekhara  et  aJ(1994)].  The  various  fine  scale 
events  of  the  flow  that  are  present  for  the  different 
flow  conditions  need  to  be  properly  understood  be¬ 
fore  an  effective  means  of  controlling  the  flow  can  be 
devised. 

As  part  of  this  study,  a  real-time  interferome¬ 
try  method  known  as  point  diffraction  interferome- 
try(PDI)  has  been  developed,  [Brock  et  al  (1991), 
Carr  et  al  (1991)}  to  map  the  instantaneous  global 
flow  details.  This  effort  has  been  successful  in  deliv¬ 
ering  sharp,  high-contrast  interferograms  of  the  flow 
for  all  conditions  of  the  experiment.  The  interfero¬ 
grams  are  obtained  as  conclitionally  sampled  imagM 
and  have  provided  the  first  insight  mto  the  the  origi¬ 
nation  of  dynamic  stall  from  the  bursting  of  the  lami¬ 
nar  separation  bubble,  flow  field  pressure  distribution 
and  other  critical  flow  details.  However,  capturingthe 
full  flow  sequence  takes  several  cycles  of  motion,  xhe 
rapid  changes  that  occur  in  the  flow,  especially  the 
details  of  the  dynamic  stall  vortex  formation  and  the 
shock/boundary  layer  interactions  leading  to  possible 
premature  flow  separation,  do  not  repeat  perfectly 
from  cycle  to  cycle  because  of  the  influence  of  the 
slight  variations  in  the  pitching  history  for  each  cy¬ 
cle.  Thus,  there  is  a  new  to  obtain  the  flow  details 
in  just  one  pitdiing  cvcle.  as  they  occur.  It  is  this 
neM  that  prompted  the  design  and  development  of 
the  very  high-speed  interferogram  recording  system 
being  presented  in  this  paper. 

2.  DESIGN  SPECIFICATIONS 

The  studies  are  being  conducted  on  a  NACA  0012 
airfoil  with  a  chord  length  of  7.62cm  in  the  Com¬ 
pressible  Dynamic  Stall  Facility(CDSF).  Two  differ¬ 
ent  drive  systems  could  be  used  in  the  CDSF  to  pro¬ 
duce  either  an  oscillatory  pitching  motion  or  a  con¬ 
stant  rate  transient  pitching  motion  of  the  airfoil.  The 
angle  of  attack  variation  in  the  former  case  is  given 
by  a  =  oo  -b  Om  sin  wl  with  the  mean  angle  of  attack 
Qo  and  the  amplitude  Um  variable  from  0°  —  15°  and 
2®  — 10°,  respectivelv.  The  maximum  frequency  of  os¬ 
cillation  is  100  Hz.  The  constant  rate  pitch  drive  pro¬ 
duces  a  rapid  change  of  angle  of  attack  from  0°  -  60° 
at  rates  as  high  as  3600  degrees/sec  and  the  motion 
is  completed  in  15  millisec.  Earlier  work  by  Carr  et 
al  (1991)  has  shown  that  the  events  of  dynamic  stall 
onset  occur  rapidly  over  a  small  angle  of  attack  range 
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of  about  0.5  to  10  degree  Thus,  in  order  to  have  a 
resolution  of  0.1  degree  or  belter  at  the  limits  of  op¬ 
eration  of  either  drive  system,  a  camera  speed  of 
KHz  or  more  is  necessary. 

The  very  large  flow  acceleration  (and  concomi¬ 
tant  density  variations  around  the  airfoil  leading  edge 
which  could  create  as  many  2is  60  fringes/millimeter 
at  the  airfoil)  and  the  rapidity  of  the  development  of 
the  dynamic  stall  vortex  or  the  shock  induced  flow 
events,  result  in  interference  fringes  that  evolve  and 
move  at  very  high  frequency  (ss  KHz).  This  necessi¬ 
tates  the  use  of  extremely  short  light  pulse  duration, 
typically  nanoseconds.  These  chdlenges  require  the 
use  of  a  iaiser  that  produces  the  necessarv  energy'  for 
each  exposure  and  is  externally  controllable  at  the 
high  pulse  rates. 

The  high  framing  rates,  the  short  duration  of  the 
light  pulse,  and  the  low  light  levels  preclude  the  use 
of  video  cameras  or  similar  recording  devices,  limiting 
the  choice  to  film  cameras.  Possible  blurgng  of  the 
images  due  to  flow  changes  eliminates  choices  such  as 
streu  cameras. 

It  is  also  necessary  to  record  the  airfoil  angle  of 
attack  corresponding  to  each  frame  on  the  film.  Fur¬ 
ther,  the  system  should  be  controllable  in  order  to 
generate  an  interferogram  sequence  starting  at  any 
desired  angle  of  attack. 

3.  DETAILS  OF  THE  CAMERA.  LASER 
CONTROL  AND  RECORDING  SYSTEMS 

A  Qunatronix  Series  100  CW/pumped  Nd;YAG 
laser,  capable  of  operating  from  DC  to  SOKHz  was 
used  in  the  experiments.  It  can  be  externally  trig¬ 
gered  without  any  detectable  delay  at  all  rates.  The 
pulse  duration  and  the  energy  output  varied  nonlin- 
early  from  85ns  and  O.Hnu  at  aOOHz,  420ns  and 
25/u  at  40KHz  and  100ns  and  llpj  at  50KHz.  At 
the  rates  used  for  the  high-speed  interferometry  ex¬ 
periments  being  reported,  the  corresponding  numbers 
were;  140ns  and  65pJ  at  lOKHz  and  240ns  and  17pJ 
at  20KHz,  at  nearly  full  current  settings.  The  ener» 
density  in  the  laser  light  pulse  at  10  KHz  rate  was  ad¬ 
equate  to  give  proper  exposure  on  ASA  100  T-MAX 
film;  ASA  400  film  was  necessary  at  20  KHz. 

A  35  mm,  variable  speed  Cordin  drum  camera 
(DYNAFAX  Model  350)  was  used  for  image  record¬ 
ing.  A  rotating  8-faceted  mirror  in  the  camera  reflects 
the  incoming  light  beam  onto  the  film  which  is  rotat¬ 
ing  in  the  same  direction  in  the  camera  drum.  Effec¬ 
tive  shutter  times  of  1.35usec  can  be  achieved  at  40 
KHz  framing  rate.  At  20  KHz,  this  time  was  2.7/isec. 
The  camera  recorded  two  rows  of  16mm  images  im¬ 
ages  on  the  film  strip,  with  subsequent  e.xposures  be¬ 
ing  recorded  alternately  '.n  each  row.  but  displaced  16 
frames.  A  maximum  of  224  frames  can  be  recorded 
at  any  framing  speed. 

The  laser  was  triggered  by  TTL  pulses  emitted  by 
custom  built  (in-house)  circuitry  installed  on  the  cam¬ 
era.  Tuning  the  camera  required  aligning  the  mirror 
facet  with  the  incident  light  beam,  fii  order  to  sense 
the  position  of  the  mirror,  an  infrared  (IR)  emitter 
and  detector  were  installed  in  the  camera  (see  Fig.  1) 
to  “see”  the  mirror  facets  as  they  pass.  The  IR  detec¬ 
tion  beam  was  not  in  the  optical  path  of  the  camera 
and  the  selected  film  was  not  sensitive  to  the  940nm 
IR  wavelength.  Each  mirror  facet  accounted  for  two 
photo  images.  To  obtain  an  image  in  each  frame, 
two  delayed  pulses  were  generated  from  the  passing 


of  each  mirror  facet.  Fasi  rise- 1  line  ( In.sec)  photodi¬ 
odes  were  selected  to  ensure  adequate  signal  level  as 
the  center  of  each  mirror  facet  passed  (Tie  <letector 
To  aid  in  synchronizing  the  laser  pulses,  two  addi¬ 
tional  photo'  detectors  were  placed  in  the  camera,  one 
at  each  frame  position  The  trigger  pulse  from  the 
mirror  face  detection  event  sUrted  a  delay  sequence 
whicli  synchronized  laser  pulsing  to  subsemieni  frame 
ositioiis  as  shown  in  Fig.  1  Tuning  of  the  laser¬ 
ring  pulse  train  occurred  in  a  circuit  attached  to  the 
camera.  The  tuning  procedure  involved  adjusting  two 
delay  times  with  the  camera  running:  7  i .  the  delay 
between  detecting  a  mirror  facet  and  emitting  the  first 
TTL  pulse  (the  trigger  pulse  to  the  laser  and  for  data 
collection)  and  To,  the  time  between  the  two  TTL 
pulstt.  The  delay  times  T\  and  To  were  adjusted  to 
maximize  the  laser  light  detected  bv  the  frame  photo 
detectors.  Once  tuning  was  properly  completed,  the 
photo  detectors  were  moved  from  the  field  of  view  to 
permit  laser  light  to  reach  the  film  plane.  The  short 
effective  shutter  times  (of  1.35  psec  at  the  maximum 
camera  speed)and  the  high  framing  speeds  required  a 
careful  design  of  the  electronic  system  that  included 
schemes  for  proper  attenuatioirof  noise. 

A  Nikon  55mm  macro,  f/2.8  lens  was  used  on  the 
camera.  Aligning  the  camera  along  the  optical  axis 
of  the  interferometry  system  required  very  accurate 
adjustment. 

Both  unsteady  motion  producing  drives  referred 
to  in  section  2  are  equipped  with  an  optical  encoder 
that  produces  800  counts/cycle  of  motion  (one  oscil¬ 
lation  cycle  or  one  pitch-up  from  0-60  degrees).  It 
is  an  incremental  encoder  outputting  a  quadrature 
pulse  train  which  is  in  turn  processed  by  an  Oscillat¬ 
ing  Airfoil  Position  Interface(OAPI)  for  phase  locking 
and  recording  by  the  data  acquisition  system.  The 
OAPl  could  be  preset  to  produce  a  TTL  event  pulse 
(or  pulse  repetitively)  at  any  desired  phase  angle  by 
a  series  of  front  panel  BCD  switches.  The  TTL  out¬ 
put  pulse  was  used  to  trigger  the  opening  of  a  laser 
safety  shutter  and  also  to  initiate  encoder  data  trans¬ 
fer  to  memory  as  shown  in  Fig.  2.  The  laser  is  en¬ 
abled  by  the  first  TTL  pulse  from  the  OAPI.  How¬ 
ever,  recording  the  encoder  outputs  was  enabled  sub¬ 
sequently  when  the  system  was  ready._  The  data  was 
recordedf  for  each  camera  pulse  in  a  512  word  firsl- 
in-first-out(FIFO)  buffer.  The  number  of  frames  ac¬ 
quired  by  the  camera  could  be  controlled  from  0  to 
224  (camera  maximum)  by  the  external  electronics 
built  for  enabling  the  handshake  between  the  various 
devices.  Typically,  200  frames  of  point  diffraction  in- 
terferograms  were  obtained  and  the  phase  angles  cor¬ 
responding  for  each  of  the  frames  were  recorded  into 
the  FIFO  and  later  downloaded  into  a  microNAX  II 
computer. 

4.  OPERATION 

The  interframe  pulse  delay  was  tuned  to  the  de¬ 
sired  rate  and  the  actual  rate  of  the  camera  was  mea¬ 
sured  using  a  frequency  counter.  The  data  to  be  re- 
orted  were  obtained  at  11.56  KHz.  Interferograms 
ave  also  been  obtained  at  19.62KH2.  The  desired  ini¬ 
tial  phase  angle  for  the  interferogram  sequence  was  set 
using  BCD  switches  on  the  OAPI  front  panel.  Before 
the  images  were  acquired,  to  maintain  a  consistent 
pulse  energy  level,  the  laser  was  triggered  by  an  ex¬ 
ternal  pulse  train  at  a  40KHz  rate.  This  was  necessary 
to  protect  the  laser  crystal  from  the  giant  pulse  that 
is  normally  generated  when  the  laser  is  pulsed  after  a 
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short  lapse  time.  In  order  to  prevent  these  pulses  from 
exposing  the  film  and  for  safety  reasons,  a  solenoid  ac¬ 
tuated  laser  shutter  was  set  up  in  front  of  the  laser.  A 
hand  switch  w'as  used  to  initiate  the  controlled  laser 
pulsing  sequence,  which  is  schematically  described  in 
Fi^  2.  The  corresponding  timing  sequence  is  shown 
in  Tig  3  After  the  switch  is  pressed,  the  circuitry 
was  activated  by  an  event  pulse  from  the  OAPI  with 
an  output  pulse  corresponding  to  the  manually  pres¬ 
elected  an^e  of  attack.  The  laser  pulsing  circuit  was 
then  inhibited  (for  1.1  msec)  until  the  laser  shutter 
fully  opened.  The  laser  was  enabled  at  the  expira¬ 
tion  of  the  delay  and  was  actually  triuered  from  the 
next  camera  pulse,  at  which  time  the  encoder  was 
latched  and  recorded  in  the  FIFO.  During  this  short 
elapsed  time,  the  laser  builds  up  sufficient  charge  to 
cause  the  first  pulse  to  be  a  “small-giant”  pulse,  i^ich 
over-exposed  the  first  frame.  This  frame  served  to  de¬ 
termine  the  first  image  on  the  film  strip;  thus,  it  was 
possible  to  accurately  match  the  interferogram  images 
w’ith  the  phase  angle  of  motion  and  to  correlate  tlie 
values  in  the  FIFO  buffer.  A  frame  counter,  started  at 
the  first  laser-pulse  event,  permitted  capturing  the  an- 
les  corresponding  to  each  of  the  200  laser  pulses  and 
ence  PDI  images  that  were  recorded  on  film.  Fol¬ 
lowing  the  commetion  of  the  imaging,  the  shutter  was 
closecT and  the  laser  returned  to  the  constant  40KHz 
external  triggering.  The  camera  alignment  was  veri¬ 
fied  by  taking  test  sequences  on  a  raapan  ASA  125 
film  and  the  data  was  obtained  on  a  higher  resolution 
T-MAX  400  film. 

Fig.  4  shows  a  schematic  of  the  PDI  optics  and 
its  im^ementation  in  the  dynamic  stall  facuity.  The 
details  of  the  PDI  technique  have  been  described  in 
Brock,  et  al  (1991).  It  uses  one  single  pass  of  the 
laser  beam  through  the  test  section  and  depends  upon 
the  ability  of  a  pin-hole  created  in~situ  in  a  semi¬ 
transparent  plate  to  produce  the  reference  beam.  The 
signal  beam  passes  around  this  pin-hole  to  produce  in¬ 
terference  fringes  on  a  continuous  basis  in  read  time. 
In  the  experiment,  the  PDI  spot  was  created  with  no¬ 
flow  in  the  test  section  amd  once  it  was  determined  to 
be  satisfactory  (from  single  event  polaroid  pictures), 
the  high  speed  images  were  obtained. 

5.  RESULTS  AND  DISCUSSION 
5.1.  Flow  Development 

Fig.  5  compares  typical  interferograms  obtained 
with  two  different  imaging  techniques.  Figures  5a  and 
5c  were  taken  over  a  single  cycle  of  airfoil  motion  us¬ 
ing  the  high-speed  filming  method.  Figures  5b  and 
5d  were  t^en  over  different  cycles  of  airfoil  motion 
using  the  standaird  method  of  single-exposure,  phase- 
locked.  realization  of  the  flow  events.  As  stated  ear¬ 
lier,  the  phase-locked  images  obtauned  over  several  cy¬ 
cles  contain  the  pitch  rate  history  effects  as  well.  The 
airfoil  wais  tripped  in  both  caises  and  was  oscillating  ais 
a  =  10°  +  10°  sin  wf  at  a  reduced  frequency  of  0.05. 
The  free  stream  Mach  number  of  the  flow  was  0.3. 
The  camera  framing  rate  was  o  =  10.07°  in  the  high- 
speed-images  sequence  and  Fig.  5b  represents  the  re¬ 
sult  for  Q  =  10.00°  from  a  single-exposure  recording 
of  the  event.  (The  triangles  seen  in  the  images  are  reg¬ 
istration  markers  on  the  glass  windows  of  the  facility 
which  are  used  to  determine  the  airfoil  profile  during 
image  processing.  The  slight  dark  bulge  seen  near 
the  leading  edge  region  is  due  to  the  light  beam  being 
bent  away  from  the  leading  edge  due  to  the  very  large 
local  density  gradients.)  A  careful  comparison  of  the 
pictures  shows  that  for  this  experimental  condition  of 


pre-dynainic  stall  flow,  there  are  no  significant  differ- 
eiue>’l>ei  ween  the  image  recording  lechiiimies  and  the 
fringe  count  agrees  to  within  one  fringe.  Fig  5c  and 
.5il  show  the  corresponding  pictures  for  o  =  13. 99°, 
when  the  dynamic  stall  process  has  just  begun,  (this 
is  evidenced  by  the  appearance  of  vertical  fringes  in 
the  flow  immediately  above  the  airfoil  upper  surface 
near  the  leading  edge).  A  casual  comparison  may 
not  show  differences  in  the  number  and  distribution 
of  the  fringes  and  hence  no  flow  field  differences,  but 
as  will  be  discussed  later,  there  are  differences  in  the 
initiation  of  the  dynamic  stall  process  from  cycle  to 
cvcle,  which  affect  the  overall  now  development  and 
stall  progression.  Similar  results  were  obtained  at  the 
higher  framing  rate  of  19.62KHz. 

Fig.  6a  and  Fig.  6b  compare  the  global  pressure 
distributions  obtained  from  the  images  presented  in 
Fig.  5c  and  Fig.  5d  using  custom  image  process¬ 
ing  software  developed  in-house.  It  is  to  be  noted 
that  even  though  the  two  figures  appear  to  be  nearly 
identical,  the  corresponding  pressure  fields  are  indeed 
different  as  can  be  determined  from  the  lines  of  con¬ 
stant  pressure  coefficients  shown  in  the  figures.  The 
finer  details  of  the  flow  in  the  region  of  dynamic  stall 
vortex  formation,  0  <  x/c  <  0.10  differ  mea- 

surablv;  Fig.  7  has  been  drawn  to  offer  a  compari¬ 
son  of  these  details.  These  differences  are  important 
since  the  instantaneous  adverse  pressure  gradient  de¬ 
velopment  with  pitching  is  different  in  the  two  images 
leading  to  considerably  different  dynamic  stall  devel¬ 
opments  during  each  pitch-up  cycle,  which  makes  the 
already  challenging  task  of  unsteady  flow  separation 
control  even  more  difficult. 

Fig.  8  shows  the  pressure  distributions  over  the 
airfoil  surface  obtained  from  the  interferograms  pre¬ 
sented  in  Fu.  5a  and  5b.  The  pressure  distribu¬ 
tions  agree  for  the  most  part.  However,  there  is  a 
difference  of  one  fringe  as  already  noted,  which  is  the 
uncertainty  of  the  PDI  method  itself.  But,  tlw  pres¬ 
sures  around  the  suction  peak  are  somewhat  different 
between  the  two  cases,  causing  the  adverse  pressure 
gradient  following  the  suction  peak  to  be  different, 
leading  to  major  differences  in  pressure  gradient  mag¬ 
nitudes  at  hi^er  angles  of  attack. 

5.2.  Interferogram  Imaging  Concerns 

The  image  size  on  the  film  was  3.5mm  in  diameter 
and  the  images  shown  in  Fig.  5a  and  5c  have  been 
magnified  by  nearly  1000  times.  Despite  the  large 
magnification  factor,  the  quality  of  the  images  can  be 
seen  to  be  very  good.  Attempts  to  enlarge  the  original 
size  (using  extension  rings)  of  the  image  met  with  only 
partial  success  owing  to  the  long  focal  length  of  the 
mirrors  and  the  fact  that  the  laser  beam  has  a  small 
divergence  angle,  unlike  white  light. 

Yet  another  concern  in  the  use  of  the  high-speed 
imaging  system  was  the  ability  of  the  PDI  spot  to 
withstand  the  rapid  exposure  to  the  laser  energy  that 
occurred  during  high  speed  imaging.  In  the  experi¬ 
ment  at  20  KHz  the  PDI  spot  was  exposed  to  a  total 
of  3.4mJ  in  10  milliseconds.  At  such  large  energy  lev¬ 
els  there  was  a  possibility  that  the  PDI  spot  could 
gel  enlarged  or  even  damaged,  thus  creating  inaccu¬ 
rate  interferograms.  However,  the  robustness  of  the 
holographic  [date  filrn  coating  material  used  for  the 
purpose  prevented  this  from  happening. 

It  is  worth  commenting  that  acouisition  of  high 
speed  interferogrzums  using  white  liglit  has  been  re¬ 
ported  in  the  literature,  {Desse  and  Pegneaux(1993)]. 
However,  the  key  differences  in  the  present  study  -  the 
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requiremenls  of  phase  locking,  controlling  the  l2Lser 
from  the  camera  pulses,  the  need  to  precisely  record 
the  phase  angle  for  each  pulse  (since  the  flow  under¬ 
goes  significant  changes  in  a  very  small  angle  of  at¬ 
tack  range),  and  the  very  short  duration  of  the  pitch¬ 
ing  motion  -  all  precluded  the  use  other  measurement 
methods. 

6,  CONCLUSIONS 

A  novel  system  for  recording  real-time  phase- 
locked  interferograms  at  very  high  rates  has  been  de¬ 
veloped  for  use  in  study  of  unsteady  separated  flows. 
The  rapid  nature  of  the  flow  changes  and  the  ex¬ 
tremely  high  gradients  around  the  leading  edge  of  an 
airfoil  experiencing  dynamic  stall  in  compressiole  flow 
requires  the  use  of  such  a  measurement  technique. 
The  system  uses  a  laser  that  can  be  pulsed  at  high 
rates  to  produce  interferograms  and  record  these  on 
film  at  rates  of  up  to  40KHz.  Proper  electronic  in¬ 
terlocking  has  enabled  precise  control  of  the  experi¬ 
ment  and  accurate  recording  of  the  result^t  iiiterfer- 
ograms. 
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Fig.  1.  Block  Diagram  of  Camera/Laser  Synchronization  for  the  High  Speed  Interferometry  System 
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Figure  5.  Representative  Interferograms  of  the  Flow  Field  for  M  =  0.3.  k  =  0.05.  (a)  o  =  10.07®.  High- 
Speed  Camera  at  11.56kHz.  (b)  a  —  10.00°,  Single-Exposure  Camera,  (c)  a  =  13.99°.  High-Speed  Camera 
at  11.56kHz.  (d)  a  =  1.3.99°,  Single- Exposure  Camera. 
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Figure  6.  Global  Pressure  Distributions  for  M  =  0.3,  k  =  0.05,  a  =  13.99°.  (a)  from  the  High-Speed  Camera 
Image,  Fig.  5c.  (b)  from  the  Single-Exposure  Camera  Image,  Fig.  5d. 
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Figure  8.  Comparison  of  the  Surface  Pressure  Coefficient  Distributions  Obtained  with  the  High-Speed  and 
Single- Exposure  Imaging  Systems. 
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ABSTRACT 

This  paper  describes  the  extension  of  earlier  work  using 
Laser  aneroometry  and  numerical  simulation  on  the  impeller 
of  radial  pumps  to  the  flow  in  a  pump  diffuser.  This  earlier 
investigation  showed  that  the  pump  characteristic  is 
strongly  influenced  by  the  interaction  between  the  impeller 
and  the  vaned  diffuser.  The  goal  of  the  current  research 
project  is  to  get  a  better  understanding  of  the  diffuser  flow 
through  unsteady  measurements  and  numerical  simulations. 
For  this  work  the  test  pump  was  equipped  with  a  special 
diffuser  selected  for  the  Laser  anemometry  measurements 
and  the  numerical  simulations.  For  the  measurements  Laser 
Panicle  Imi^e  Velocimetry  and  Laser  Doppler  Anemometry 
were  used.  In  a  first  step  the  measurements  were  compared 
with  steady  numerical  diffuser  simulations.  The  phase- 
locked  ensemble-averaged  3  dimensional  unsteady  flow 
field  in  the  diffuser  was  animated  for  better  understanding. 

NOMENCLATURE 


B 

width 

Cx.  Cy.  Cz 

velocity  components 

D 

diaiiKter 

n 

speed  (ipm) 

Ap 

pressure  difference 

Q 

flow  rate 

Qo 

flow  rate  at  best  efficiency 

point 

U 

circumferential  velocity 

Ax 

fringe  spacing 

X.YZ 

coordinates 

a 

beam  crossing  angle 

9 

angle 

P 

density 

pressure  ooefRciem 

w. 

INTRODUCTION 

A  pump  characteristic,  that  is  the  variation  of  the 
head  coefficient  and  efficiency  versus  flow  coefficient,  can 
be  improved  by  optimising  the  impeller  alone,  the  diffuser 
alone  or  the  entire  pump.  In  industrial  design  methods  for 


pumps  the  impeller  and  diffuser  are  considered  separately, 
and  the  unsteady  interaction  between  the  impeller  and  the 
diffuser  has.  until  now,  not  usually  been  considered  in 
design  calculations  (Casey  1994).  The  unsteady  flow 
interaction  is,  however,  very  important  as  it  affects  not 
only  the  pump  characteristic  but  also  the  acoustic  and 
structural  performance  of  pump  components  (GUich  and 
BoUeter  1993).  The  unsteadiness  in  the  diffuser  is  genera^ 
by  viscous  blade  wakes  from  the  impeller  and  by  potential 
flow  effects. 

Due  to  the  importance  of  the  unsteady  flow 
interaction  between  routing  and  sutionary  blacte  rows 
many  turbomachinery  research  projects  on  tUs  topic  have 
been  reported  in  the  literature.  Most  of  these  reports  deal 
with  axial  compressors  or  axial  turbines  (Casey  1994,  Cho 
et  al.  1993,  Saxer  1993,  Daniel  1993).  Research  projects 
which  deal  with  centrifugal  turbomachines  are  not  so 
numerous  although  some  anention  has  been  given  to  the 
interaction  between  the  impeller  and  the  tongue  of  radial 
pumps  (Chu  1993.  Hureau  et  al.  1993). 

This  paper  describes  a  new  investigation  using 
experimental  and  numerical  tools  to  get  a  better 
understanding  of  the  unsteady  interaction  between  a  radial 
pump  impeller  and  a  vaned  diffuser.  This  cunent  woik  builds 
on  earlier  experience  gained  in  applying  laser  anemometry 
and  numerical  methods  to  pump  impellers  (Eisele  et  ^ 
1992,  Eisele  et  al  1993).  In  the  current  woik  the  measured 
dau  for  the  flow  field  in  the  diffuser  are  compared  with 
steady  Navier-Stokes  simulations. 


EXPERIMENTAL  SET-UP 
Teat  rig 

A  test  rig  for  a  single  stage  pump  has  been  designed 
to  represent  a  last  stage  of  a  multi  stage  pump.  The  details 
of  the  design  of  test  rig  are  described  in  Eisele  et  al  1992. 
The  diffuser  used  in  this  investigation  was  optimised  to 
provide  good  optical  access  and  to  improve  the 
specification  of  the  boundary  conditions  for  the  numerical 
simulations  (Fig.  1).  This  diffuser  is  similar  to  that  in  the 
last  stage  of  a  multistage  pump  diffuser.  The  advantage  of 
this  design  lies  in  the  clear  definition  of  the  boundary 
conditioiu  for  the  simulations  and  in  the  well  defined 
measurement  planes  for  comparison  between  the  results  of 
the  measurements  and  of  the  numerical  simulations. 
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Two  diffusers  of  similar  geometry  were  used  in  this 
work.  For  the  flow  visualisation  and  LPIV  measurements  a 
perspex  model  was  manufactured  and  for  the  LDA 
measurements  an  aluminium  diffuser  was  machined.  The 
perspex  model  was  also  equipped  with  pressure  transducers 
for  static  and  dynamic  measurements  of  the  wall  pressures. 

The  main  dimensions  of  the  impeller  and  the  diffuser 
section  are  listed  in  table  1. 


Imneller 

Diffuser 

DO  =  140  mm 

D3  =  364  mm 

D1  =  208  mm 

D4  =  570  mm 

D2  =  350  mm 

B2  =  32.9  mm 

B3  =  34.5  mm 

n  =  1000  rpm 

Vanes:  7 

Vanes:  12 

Table  1:  Main  dimensions  of  the  pump 
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differently  (Zhang  1993).  The  green  and  blue  laser  beams 
no  longer  cross  at  the  same  position  and.  as  a  consequence, 
only  one  dimensional  measurements  are  possible  with 
either  the  blue  or  green  beams.  The  fringe  spacing  in  the 
measurement  volume  is  also  influenced  because  the  beam 
intersection  angle  decreases.  The  fringe  spacing  is 
determined  as  follows  : 


Sin(^ 

Sin(‘%L 


XAX, 


If  the  LDA  probe  is  moved  in  the  axial  direction,  a 
purely  1 -dimensional  movement,  the  measurement  volume 
describes  a  2-dimensional  trajectory  in  the  horizontal 
plane.  The  relationship  between  the  trajectory  of  the  probe 
and  the  measurement  volume  is  given  by  (lig.  2)  (Zhang 
1993): 

X-  co-ordinate: 


A  two  colour  Dantec  fiber  LDA  with  a  PDA  processor 
was  used  for  the  measurements  in  the  pump  diffuser.  A 
summary  of  the  optical  characteristics  of  the  velocimeter  is 
provided  in  table  2. 


Laser  type 

Innova  90 

Laser  wave  length 

488.0/  514.5  nm 

Probe  diameter 

60  mm 

Beam  spacing 

38  mm 

Focal  length 

400  mm 

Fringe  spacing 

5.14/5.42  urn 

Table  2:  Main  dimensions  of  the  LDA 


With  this  LDA,  two  components  of  the  three 
dimensional  velocity  vector  can  be  measured  from  a  single 
viewing  angle.  The  third  component  of  the  3  dimensional 
flow  was  measured  by  an  additional  measurement  from  a 
second  LDA  viewing  angle.  For  this  approach  to  be 
satisfactory  special  care  needs  to  be  taken  with  regard  to  the 
accuracy  of  the  traverse  system.  This  system  must  ensure 
that  the  two  measurements  are  taken  at  exactly  the  same 
point. 

The  final  accuracy  of  measurement  position  is 
determined  not  only  by  the  accuracy  of  the  traversing 
system  but  also  by  the  adjustment  of  the  measurement 
volume  in  the  diffuser.  The  measurement  volume  was 
checked  by  using  a  gold  sphere  fixed  at  a  defined  position 
in  the  diffuser.  When  the  measurement  volume  is  focused  on 
the  surface  or  in  the  centre  of  the  sphere  then  the  reflected 
beams  are  such  that  they  follow  the  reverse  path  of  the 
incoming  beams  and  provide  an  exact  calibration  of 
position.  With  this  system  the  accuracy  of  the  positioning 
system  was  found  to  be  very  high  (2  ±  O.OS  mm). 

The  best  measurement  results  would  be  obtained  if 
the  second  viewing  angle  were  perpendicular  to  the  first 
one,  in  such  a  manner  that  the  third  component  could  be 
measured  directly.  This  was  not  possible  in  the  existing 
test  pump  as  the  LDA  probe  had  to  be  mounted  in  front  of 
the  pump  (see  Fig.  1)  at  an  angle  less  than  90  degrees. 
The  viewing  angle  was  selected  on  the  basis  of  the  LDA  data 
rate  and  the  accuracy  of  the  measurements,  to  be  26  degrees 
away  from  the  vertical  to  the  window  in  the  horizontal 
plane  (Fig.  2).  The  selection  of  a  non-perpendicular  view 
angle  effects  the  LDA  characteristics  of  the  two  beams 


Y-co-ordinate: 


=  »9^«  + 


These  equations  were  us^  \to  determine  the 
measurement  position  in  the  dif^](g(^y j 


Fig.  2:  LDA  beam  path 


Lm 


To  obtain  2-dimensional  steady  and  unsteady  flow 
field  information  a  particle  image  velocimetry  technique 
was  applied.  The  illumination  source  was  a  continuous  wave 
argon  ion  laser  with  a  glass  fiber  light  sheet  probe.  This 
fiber  probe  was  mounted  in  the  pump.  The  measurement 
zone  was  illuminated  through  a  window  and  a  perspex 
diffuser  vane.  Multiple  exposures  were  realised  through  a 
CCD  camera  with  a  high  speed  shutter  and  with  an 
integrated  light  amplifier.  The  shutter  of  this  camera  is 
computer  controlled  and  the  PIV  parameters  could  be  rapidly 
optimised.  The  shutter  of  the  camera  and  the  frame  gr^ber 
were  synchronised  with  the  rotational  position  of  the  pump 
impeller.  With  a  delay  box,  a  phase-averaged  velocity  field 
at  different  impeller  positions  could  be  measured.  The 
direction  of  the  velocity  vector  was  determined  by  tagged 
particle  traces  with  long  and  short  exposures.  The  velocity 
vectors  were  determined  by  a  particle  tracking  software 
from  Grant  1990. 


NUMERICAL  METHODS 

A  commercially  available  Navier-Stokes  code 
(TASCflow)  was  used  for  both  the  impeller  and  the  diffuser 
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simulations.  The  simulation  results  at  the  impeller  outlet 
were  used  to  provide  the  inlet  conditions  for  the  diffuser 
simulation.  The  impeller  results  were  averaged  in  the 
circumferential  direction.  The  diffuser  was  discretized  with  a 
H-grid  with  about  50000  nodes.  One  simulation  needed 
between  10  and  20  hours  CPU  time  on  an  IBM  RS  6000 
computer. 


RESULTS 

The  data  rate  and  the  SNR  were  improved  by  using 
the  Dantec  LDA  instead  of  the  earlier  Sulzer  LDA  (Eisele 
1992).  The  data  rate  increased  from  about  600  HZ  to  1500 
Hz  for  the  2-dimensional  measurements.  For  the 
measurement  of  the  third  component  a  data  rate  of  about 
500  Hz  was  reached. 

The  3-D  flow  field  in  the  diffuser  was  measured  at  5 
different  flow  rates  from  the  BEP  (best  efficiency  point)  to 
deep  paitload.  The  main  interest  of  the  LDA  measurements 
was  to  ezamine  the  flow  in  the  semi-vaneless  region  of  the 
diffuser,  so  the  most  of  the  LDA  measurement  points  were 
localised  in  this  region.  The  LPIV  measurements  were  used 
to  complement  the  LDA  measurements  to  obtain  a  better 
idea  of  the  flow  field  in  the  whole  diffuser. 

The  LDA  measurements  were  first  analysed  with 
software  from  Dantec.  This  software  averaged  and  arranged 
the  data  for  one  complete  revolution  with  an  averaging 
window  of  3  degrees.  Afterwards  the  3-D  velocity  vectors 
were  calculated  and  the  data  were  reduced  to  single  impeller 
pitch  by  ensemble-averaging. 

Fig.  3  shows  the  scatter  diagrams  over  several 
revolutions  of  the  impeller  for  two  flow  rates  at  two  points 
in  the  diffuser.  The  blade  passing  frequency  is  dominant  at 
the  diffuser  inlet  (B2)  for  both  flow  rates.  In  the  diffuser 
channel  the  strength  of  the  blade  passing  influence 
decreases.  At  panload  other  unsteady  flow  phenomena 
become  important  and  the  turbulence  intensity  increases. 
The  mean  values  and  the  RMS  values  show  the  decreasing 
blade  passing  frequency  and  the  increasing  RMS  values 
along  the  diffuser  (Fig.  4).  The  Rms  values  for  the  third 
component  was  not  analysed  because  the  optical  axes  of  the 
LDA  probe  is  not  perpendicular  to  the  window.  The  third 
component  is  also  dependent  on  the  blade  passing.  The 
time  lag  (see  the  wave  maxima  in  Fig.  4)  between  the 
blade  passing  waves  between  the  two  measurement  points 
(B2  and  F3)  correspond  with  the  time  which  is  calculated 
from  the  distance  of  these  measurement  points  and  the  mean 
velocity. 

Fig.  5  show  the  velocity  vectors  in  the  middle  of 
the  diffuser  pitch  near  the  diffuser  inlet  for  all  5  flow  rates  at 
different  impeller  positions.  These  figures  show  that  the 
recirculation  zones  near  the  hub  and  the  shroud  depend  on 
the  flow  rate  and  the  impeller  position. 

The  best  method  to  show  and  to  understand  the 
phase  averaged  flow  is  to  animate  the  LDA  results.  The  224 
velocity  vectors  were  animated  at  17  different  impeller 
positions.  The  shape  of  the  diffuser  vanes  and  the  position 
of  the  impeller  vane  has  also  been  animated  for  better 
understanding  of  the  flow.  This  animation  was  realised  with 
the  graphic  package  AVS  developed  for  the  visualisation  of 
(TFD  results.  One  of  these  images  is  shown  in  Fig.  6.  This 
animation  shows  very  clear  that  not  only  the  velocity 
vector  magnitude  but  also  the  vector  direction  changes, 
depending  on  the  impeller  rotational  position. 

The  main  differences  between  the  LDA.  LPIV  and  the 
TASCflow  resulu  are  the  size  of  the  recirculation  zone  near 


the  pressure  side  of  the  diffuser  vane  (Fig.  7).  Due  to  the 
positions  of  the  LDA  measurement  points  only  the  onset  of 
the  recirculation  zone  can  be  detected.  The  LPIV  results 
show  a  much  smaller  recirculation  zone  than  the 
simulation.  The  recirculation  is  initiated  by  change  in  the 
slope  of  the  diffuser  wall.  In  reality  the  recirculation  zone  is 
unsteady  in  time  and  position.  Th^  diffetetKes  also  affect 
the  pressure  rise  in  the  diffuser  (Fig.  8).  The  onset  of  the 
recirculation  can  also  be  seen  as  a  disagreement  between  the 
measured  and  simulated  pressure  rise  at  partload.  These 
differences  between  the  real  diffuser  flow  and  the  simulation 
may  be  the  result  of  using  a  steady  simulation  or  a  result  of 
the  Ke  turbulence  model  being  used.  This  question  can  be 
answered  by  an  unsteady  diffuser  simulation  with  measured 
boundary  conditions  which  will  follow  in  the  next  phase  of 
this  work. 


CONCLUSIONS 

Earlier  experience  in  applying  LDA  technology  to 
industrial  pump  impellers,  has  been  extended  in  such  a 
manner  that  high  quality  3-dimensional  unsteady  LDA 
measurements  have  now  teen  obtained  in  a  pump  diffuser. 
In  addition  new  experience  with  a  LPIV  system  using  a 
'pulsed'  camera  instead  of  a  pulsed  laser,  has  been  obtained. 
For  measurements  in  a  pump  it  is  very  important  to  trigger 
the  camera  with  the  rotational  position  of  the  impeller. 

The  measured  unsteady  flow  field  in  the  diffuser 
could  be  animated  using  software  developed  for  CFD  flow 
visualisation.  This  animation  leads  to  tetter  understanding 
of  the  flow. 

The  comparison  of  the  measured  and  simulated 
pressure  rise  in  the  diffuser  is  very  encouraging  for  further 
numerical  studies  especially  for  unsteady  Navier-Stokes 
simulations. 
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Fig.  1 :  Pump  with  vaned  diffuser 
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Fig.  3;  Scatter  diagrams  at  2  measurement  points  and  2  flow  rates 
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Fig.  4:  Phase  averaged  data  at  2  measurement  points  and  2  flow  rates 
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Fig.  8;  Comparison  of  the  pressure  rise  in  the  diffuser  at  the  shroud  side 
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ABSTRACT 

The  aim  of  this  woik  was  to  map  fully  the  flow 
field  around  a  half  scale  Formula  one  racing  car  in  the 
Williams  low  turbulence  wind  tunnel.  Readings  of 
velocity,  and  turbulence  intensity  widi  its  associated 
statistical  quantities  were  taken  at  over  8000  discr^ 
measurement  points  using  a  Dantec  three  dimensional 
LOA  system.  The  paper  outlines  the  techniques 
employed  to  inqnove  the  accuracy  of  the  measuranents 
taken,  examines  the  qiatial  resolution  of  die  system  and 
uses  some  of  the  results  obtained  to  illustrate  the 
complex  flows  encountmd.  These  included  very  strong 
vortices,  wakes  widi  large  RMS  velocities  and  regions  of 
high  local  velocity.  Modifications  to  the  standard 
traverse  gear  allowed  a  wider  range  of  optical 
configurations  to  be  enqiloyed  enabling  measurements  to 
be  taken  in  regions  which  would  otherwise  have  been 
inaccessible.  The  use  of  45  degree  minor  boxes  to 
inqnove  t^itical  access  by  allowing  the  beams  to  be 
projected  at  a  very  shallow  grazing  angle  to  the  tunnel 
floor  is  also  described. 

1.  INTRODUCTION 

This  work  was  undertaken  to  provide 
measurements  of  velocity,  turbuloice  intensity  and  RMS 
velocity  covering  the  entire  flow  field  around  the 
William  FW16  FI  car.  These  were  intended  to  provide 
details  of  the  flow  structures  present,  mahling  further 
optimisation  of  the  aerodynamic  performance  of  the 
vehicle. 

The  method  of  measurement  was  required  to 
provide  tiiree  components  of  velocity  to  a  hi^  degree  of 
accuracy  and  to  be  conqiletely  non-intrusive. 
Measurements  wme  required  at  qipioximately  5000 
points  around  tiie  main  body  of  the  car,  divided  into 
twelve  lateral  traverse  planes,  and  to  within  imm  of  the 
surface,  with  a  further  3000  measurements  required 
under  the  front  wing  and  around  tiie  foot-plate.  To 
achieve  accurate  mean  values  the  measurements  were 


averaged  over  several  complete  recirculations  of  the  flow 
around  the  tunnel  (around  10  seconds).  The  task  was 
required  to  be  completed  in  a  diort  time  scale  to  prevent 
undue  intemiption  to  existing  test  programs.  These 
requirements  made  3D  laser  Dopfder  anemometry 
essential  to  the  task. 

The  measurements  were  taken  in  tiie  low 
turbulence  research  tunnel  at  Williams  Grand  Prix 
Engineaing,  Didcot  on  a  half  scale  modd  with  the 
tunnel  and  rolling  road  running  at  40  m/s.  Hus  tunnel 
has  a  large  square  woridng  section,  very  low  freestream 
turbulence  intensity  and  runs  at  atmositiimric  pressure  in 
the  working  section.  Electronic  feedback  contrd  of  die 
rolling  road  ensures  that  its  speed  is  accurately 
to  the  wind  speed.  Boundary  layer  suction  is  used  to 
remove  the  tunnel  wall  boundary  layer  at  the  start  of  the 
test  section.  The  large  volume  of  the  tunnel 
(qiprox.  2(XX)n^)  necessitated  that  hi^  levels  of  seeding 
would  be  required  in  ordm  to  adiieve  acceptable  data 
rates.  This  was  provided  by  five  Dantec  type  55118 
single  jet  seeders  and  two  TSI  model  9306A  six-jet 
seeders,  the  seeding  being  injected  through  a  breath 
vent  downstream  of  the  test  section. 

The  equipment  used  was  a  Dantec  three 
comptment  LDA,  illustrated  schematically  in  Fig.  1. 
This  consists  of  two  optic  heads  mounted  on  a  fully 
automated  three-dimensicmal  traverse  mechanism, 
allowing  0.6  metres  of  movoneot  in  each  direction,  and 
linked  by  two  10  metre  long  fibre  optic  cables  to  a 
Spectra-Riysics  5  Watt  Argon-ion  laser  (model  2016). 
Both  optic  heads  are  free  to  rotate  within  thm  gimhal 
mounts,  which,  in  turn,  can  he  swqk  and  dip^  to 
provide  the  required  optical  configuration.  Two  pairs  of 
beams  (green  and  blue)  are  emitted  from  one  head 
(referred  to  as  the  2D  head)  and  a  third,  vitdet,  pair  from 
the  opposing  (ID)  head.  Both  heads  are  able  to  recdve  as 
well  as  transmit  light  and  ccmsequently  eitiiCT  the  back- 
scatter  mode,  where  lij^t  is  recdved  by  the  transmitting 
optic  head,  or  the  cross-coiq>ied  mode,  where  scattered 
from  each  pair  of  beams  is  received  by  tiw  non- 
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transmitting  bead,  can  be  enq>loyed.  Tbe  ftequency 
information  from  each  channel  is  processed  by  separate 
Dantec  Burst  Spectrum  Analysers  (BSAs).  These  are 
connected  to  a  486DX  66MHz  PC  which  controls  dau 
acquisition,  processing  and  presentation  using  the 
'Burstware^’  software  package. 

The  purpose  of  this  paper  is  primarily  to 
describe  the  operational  procedures  used,  and  the 
practical  methods  developed  to  improve  the  accuracy  and 
scope  of  the  measuremHits.  The  reader  should  be  aware 
that  due  to  the  sensitive  nature  of  the  results,  it  was 
necessary  to  omit  certain  details.  In  particular,  the 
geometry  of  the  car  may  differ  slightly  from  that  shown 
in  the  figures. 

2.  TRAVERSE  MODDICATIONS 

Due  to  the  ctmfiguration  of  current  Formula  one 
cars,  access  was  difficult  to  some  areas  in  which 
measuremoits  were  required.  For  example,  at  some 
traverse  positions,  measurements  close  to  the  wdieels 
were  problematic  due  to  the  beams  impinging  on 
suspension  components.  In  addition,  highly  swqjt 
configurations  were  required  to  gain  access  to  some  areas 
around  the  car,  as  illustrated  by  Fig.  2.  This  figure  also 
shows  the  axis  conventions  used.  Furthermore 
measurements  under  the  front  wing  of  the  car  could  only 
be  made  using  significantly  different  optical 
configurations  to  those  conventionally  employed.  Due  to 
the  time  constraints  applied  to  this  work,  rapid 
rqmsitioning  of  the  traverse  gear  was  necessary  whilst 
maintaining  the  X-axis  (streamwise)  parallel  to  the  tunnel 
working  section.  To  maintain  a  high  degree  of  aligrunent 
it  was  also  necessary  to  isolate  the  traverse  gear  from  any 
wind  turmel  vibration.  To  achieve  this,  the  traverse  was 
fitted  with  metal  wheels  and  mounted  on  two  steel  rails 
udiich  were  accurately  aligned  with  the  turmel  axis. 
These  were  raised  10mm  above  the  floor  and  mounted  at 
either  end  onto  a  solid  concrete  base.  A  clanq) 
mechanism  was  used  to  prevent  nmvement  of  the  traverse 
gear  once  the  desired  position  had  been  set. 

To  oihance  the  access  to  the  car,  through  the 
use  of  a  highly  swq>t  optical  configuration,  a  simple 
turn-table,  illustrated  in  Fig.  3,  was  designed  to  enable 
the  optic  bench  to  be  rotated  about  the  vertical  Z-axis 
without  affecting  the  direction  of  motion  of  the  three 
traverse  axes. 

As  the  focal  length  of  the  optics  were  fixed  at 
two  metres,  it  was  inqwrtant  that  the  optic  heads, 
attached  to  the  optic  bench,  could  be  rmved  fore  and  aft 
relative  to  the  fixed  traverse  gear.  This  was  achieved  by 
the  design  of  a  forward  extensitm  arm.  Fig.  3,  <m  udiich 
the  optic  bmch  was  mounted  using  a  sliding  junction 
block.  The  optic  bench  could  thus  be  moved  forward  to 
conqrensate  for  an  increase  in  the  sweqr  angle  of  the 


bench,  thereby  preserving  the  distance  of  penetration  of 
the  hMwis  into  the  turmel  whilst  still  allowing  the  full 
range  of  motion  to  be  used  on  the  traverse  gear.  To 
prevent  undue  strain  on  the  traverse  vertical  drive  motor 
the  additiorud  weight  of  this  structure  was  relieved  by  a 
counterbalance  weight.  This  was  mounted  onto  the  back 
of  the  vertical  section  of  the  traverse  gear  and  connected 
to  the  optic  bench  by  means  of  a  steel  cable  passing  over 
a  pulley  at  the  apex  of  the  traverse  gear  (see  Fig.  3).  A 
high  quality  linear  bearing  allowed  the  counterbalance 
weight  to  move  iq>  atxl  down  smoothly  thmeby 
preventing  bfAlash  in  the  movement  of  the  traverse. 

3.  ALIGNMENT  AND  VELOCITY 
TRANSFORMATION 

A  number  of  operational  difficulties  arose  from 
the  scale  of  the  measurements  taken  and  the  large  volume 
of  the  wind  turmel.  The  use  of  two  metre  focal  length 
optic  vihich  was  necessary  to  gain  access  to  all  regions  of 
interest  <m  the  car,  leads  to  a  reduction  in  performance  of 
the  LDA,  in  terms  of  both  data  rate  and  data  validity, 
compared  to  that  achieved  with  shorter  focal  length 
lenses.  In  addition,  even  with  the  large  number  of 
seeding  units  used,  the  volume  of  the  wind  turmel  meant 
that  a  high  seeding  density  could  not  be  achieved.  Thus 
accurate  aligrunent  was  a  prerequisite  for  this  work  to 
compensate  for  these  difficulties  and  also  to  eiuble  the 
system  to  operate  in  the  cross-coiq>led  mode 
(sirmiltaneous  side-scatter).  Cross-coiqrled  operation  was 
used  to  achieve  the  spatial  resolution  needed  for 
measurements  close  to  surfoces  and  to  minimise  the 
effects  of  velocity  biasing  in  regions  of  strong  velocity 
gradient.  Furthermore,  to  gain  access  to  all  r^ons  of 
the  car  and  minimise  tbe  number  of  traverse  points  lost 
due  to  impingement  of  beams  on  fixed  features,  such  as 
suqrension  compcments,  many  differoit  t^cal 
configuratitms  were  needed  and  thus  it  was  frequently 
necessary  to  re-align  the  system  optics.  The  aligrunent 
method  used  was  required  to  be  fast  and  reliable  and  to 
give  consistently  high  performance. 

Conventiotud  alignment  techniques  require  the 
six  beams  to  be  passed  through  an  objective  lens  in  order 
to  view  their  images  cm  a  screen  some  distance  beyond 
tbe  lens.  In  sottv  areas  of  die  car,  and  in  particular  under 
the  front  wing,  tbe  very  limited  fdiysical  and  visual 
access  and  confined  qiace  noakes  such  techniques 
inqiossible.  Consequendy  a  quantitative  alignment 
tedmique,  develrqied  at  Bristol  University,  was  used 
throughout  the  tests.  The  technique,  described  in  detail 
in  reference  1,  uses  the  voltage  output  from  a  light 
depoident  resistor  with  a  20  micron  pin-fiole  aperture,  as 
illustrated  in  Fig.  4,  to  locate  the  position  of  peak 
intensity  within  a  laser  beam  or  collection  volume  (made 
visible  by  passing  light  down  the  collection  fibre).  By 
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bringing  the  foci  of  the  two  collection  volumes,  and  each 
of  tlK  six  beams,  sepatately  <Hito  the  face  of  the  pin-hole, 
an  extremely  accurate  alignment  is  achieved.  This 
method  has  the  main  advantage  that  it  uses  an  aidrely 
quantitative  approach  and  is  thus  not  hindered  by  the 
need  to  make  subjective  Judgements  based  on  visual 
interpreution  of  beam  images,  as  is  the  case  for  most 
conventional  methods.  In  addition  alignment  can  be 
carried  out  in  very  confined  spaces  as  there  is  no  need  to 
project  the  beams  beyond  the  plane  of  the  pin-hole.  The 
highly  ctmsisteot  alignment  accuracy  achieved  by  the 
pin-tole  meter  method  means  that  routine  operation  in 
the  stringent  cross-coupled  mode  can  be  guaranteed,  and 
enables  a  large  number  of  alignments  to  be  carried  out  in 
a  short  time. 

When  using  a  3D  LDA  a  transformation  matrix 
must  be  applied  to  the  velocity  data  in  order  to  convert 
non-orthogonal  velocities  into  components  aligned  with 
the  conventional  wind  tunnel  axes.  The  derivation  of  this 
matrix  is  described  by  reference  2.  It  is  important  when 
evaluating  the  matrix  to  accurately  determine  the 
positional  geometry  of  the  six  laser  beams  by  a  fast  and 
reliable  method.  This  was  achieved  by  a  simple  extension 
of  the  pin-hole  alignnmt  t&^hnique,  illustrated  in  Fig.  5. 
The  pin-hole  meter  was  used  to  locate  the  position  of  the 
centre  of  each  of  the  six  beams  at  two  positions  along  its 
length.  This  was  done  by  fixing  the  position  .  the 
meter,  and  moving  the  beams,  one  at  a  time,  to  the  plane 
of  the  pin-hole  thereby  enabling  the  positirm  of  beam 
centres  could  be  read  from  the  traverse  coutrol  c  iWare. 
Having  established  the  vector  of  each  beam  in  space  this 
geometry  was  converted  into  the  requisite  angles  used  in 
the  velocity  transformation  matrix  calculatirm.  The  same 
geometry  may  also  be  used  to  evaluate  the  calibraticm 
fsctor  for  each  channel. 

4.1  MEASUREMENTS  AROUND  THE  CAR  BODY 

The  flow  around  a  contemporary  Formula  1 
racing  car  provides  a  wide  variety  of  localised  flow 
structures,  each  of  which  requires  different  iq>ptoaches  in 
order  to  achieve  the  best  possible  LDA  rraults.  These 
structures  include  very  strong  vortices  shed  from  the  tips 
of  lifting  surfaces  such  as  the  fiont  and  rear  wings,  high 
RMS  wake  flows  shed  by  bluff  bodies  such  as  wheels 
and  suqtension  conqtonents,  and  both  laminar  and 
turbulent  boundary  layer  flows. 

Two  of  the  most  difficult  flow  structures  in 
which  measurements  were  requited  were  within 
boundary  layers  <m  the  car  body  and  vortices.  The  main 
problem  posed  by  the  boundary  layer  measurements  was 
that  of  sutfoce  reflection,  as  it  was  necessary  for  the 
beams  to  qtproach  almost  perpendicular  to  the  surface. 
This  problem  was  accentuated  in  some  regions  where  the 
curvature  of  the  car  body  caused  light  to  be  reflected 


directly  into  the  collection  optics.  The  reflections  were 
reduced  by  painring  the  measurement  surfoces  matt 
black,  but  this  was  not  sufficient  to  enable  boundary 
layer  measurements.  In  addition  boundary  layer  flows 
and  vortices  contain  regitms  of  very  strong  velocity 
gradient  in  which  die  spatial  rescdution  of  the  LDA  is 
important.  If  the  LDA  is  <^>erated  in  the  commonly  used 
back-scatter  light  collection  mode  in  such  regions,  the 
very  long,  cigar  shaped  measuring  volume  obtained, 
results  in  strong  velocity  biasing  effects. 

To  overcome  both  the  above  problems  the 
system  was  operated  in  the  cross-coupled  light  collection 
mode,  wfaidi  results  in  a  near  qfoerical  measurement 
volume  of  significantly  reduced  dimensions.  This  is  due 
to  the  fact  that  scattered  light  can  only  be  detected  from 
within  the  common  overlap  region  of  the  collection 
volume  path  to  the  collection  optic,  and  the  cigar  shaped 
intersection  of  the  transmitted  beams,  as  illustrated  by 
Fig.  6.  Fig.  7  illustrates  gnqihically  the  siqieriority  of 
the  cross-coupled  mode  of  toleration  compared  to  the 
back-scatter  mode.  The  figure  compares  directly  contours 
of  vorticity  for  the  central  region  of  a  small  wing  tip 
vortex,  calculated  from  velocity  components  recorded  in 
back-scatter  and  cross-coupled  modes.  The  oval  shiqied 
distribution  seen  in  the  back-scatter  case  is  caused  by  a 
velocity  biasing  effect  which  most  strongly  influences  the 
vertical  velocity  component  and  is  due  to  the  length  of 
the  back-scatter  measuring  volume.  Furfliermore  the 
peak  vorticity  values  recorded  in  back-scatter  mode  are 
artificially  high  due  to  the  influence  of  the  biased  vertical 
velocity  gradient  on  the  vorticity  equation.  The  velocity 
biasing  problem  is  accentuated  in  the  case  of  a  vortex  as 
the  nature  of  the  flow  toids  to  centrifuge  the  seeding 
away  from  the  vortex  core  so  that  the  seeding  doisity 
increases  with  distance  from  the  core.  The  authors 
consider  the  cross-coupled  mode  to  be  essential  for  LDA 
measurements  in  any  flow  where  strong  velocity 
gradients  occur  and  to  be  the  preferential  nxide  for  all 
other  LDA  measurements. 

Behind  the  car,  and  in  the  regicms  downstream 
of  the  suspoision  components  and  the  opoi  wheels,  wake 
flows  were  encountered  with  characteristically  high  RMS 
velocities.  In  such  regions  it  is  necessary  to  use  a  large 
bandwidth  in  otdm’  to  cq>ture  all  the  velocity  data  and 
obtain  accurate  mean  values.  Experioice  has  shown  that 
operating  with  a  high  bandwidth,  and  in  particular  with  a 
bandwidth  significantly  larger  than  that  expected  from 
knowledge  of  the  velocity  range,  does  degrade  the 
performance  of  the  LDA,  and  it  is  only  through  good 
alignment  that  this  can  be  countered. 

Due  to  the  strong  three  dimensional  nature  of 
the  flow  around  the  car  the  vertical  and  horizontal 
velocity  components  can  differ  widely  and  may  change 
rapidly  with  position.  Omsequently  if  the  LDA 
processors  are  set  to  optimise  data  collectioa  at  one  point 
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in  space  the  settings  may  be  unsuitable  at  a  point  only  a 
short  distance  away  resulting  in  a  loss  of  data.  To 
counter  this  problem  it  is  possible  to  use  a  large 
bandwidth  on  all  three  channels,  but  only  at  the  expense 
of  velocity  definition,  data  rate  and  data  validity.  Ideally 
the  system  should  be  cmiiigured  so  that  it  operates  in  a 
balanced  manner  with  all  three  channels  measuring 
similar  velocities  and  using  the  same  bandwidth,  thereby 
improving  the  velocity  definition. 

This  was  achieved  by  the  axial  rotation  of  each 
of  the  optic  heads  within  their  gimbal  mounts  until  each 
channel  measured  approximately  the  -same  velocity  when 
in  fireestream  flow.  Whoi  operating  in  this  way  the 
system  is  more  tolerant  to  sudden  changes  in  velocity  or 
RMS  velocity  and  all  channels  resptmd  in  a  similar 
manner  to  such  changes.  Furthermore  by  rotating  the 
(^tic  heads  the  configuration  of  the  four  beams  emitted 
from  the  2D  head  becomes  more  compact  thereby 
allowing  greater  optical  access  to  confined  spaces. 

To  save  time  during  the  test  program  the 
geometry  of  the  car  was  accurately  measured  beforehand 
using  a  micrometer,  and  the  data  fed  into  a  computer 
program  which  generated  co-ordinate  grids  which  were 
shaped  to  the  contours  of  the  car  body,  as  illustrated  by 
Fig.  8. 

4.2  RESULTS  FROM  THE  BODY  OF  THE  CAR 

One  of  the  most  strongly  disturbed  regions  of 
flow  surrounding  the  car  is  in  the  region  immediately 
behind  the  front  wheels,  where  wakes  shed  from  the 
rotating  wheel  and  hub,  suspension  struts  and  strut/body 
interfaces  interact  with  wing  endplate  vortices  to  prodtice 
highly  complex  three  dimensional  flows.  This  is 
illustrated  by  Fig.  9,  which  shows  contours  of 
streamwise  RMS  velocity  at  a  section  20mm  downstream 
of  the  rear  of  the  front  wheel.  Immediately  behind  the 
wheel,  marked  by  geometry  lines,  the  velocities  are 
much  lower  than  freestream  and  the  RMS  velocity  is 
extremely  high  as  may  be  seen  from  the  high  density  of 
contours  in  this  area.  By  comparison  the  region  betwem 
the  wheel  and  the  car  b^y  has  areas  of  low  RMS  where 
the  flow  is  almost  undisturbed,  and  areas  of  strong 
localised  wake  disturbances  shed  from  the  suspmsion 
and  front  wing.  The  flow  above  the  top  of  the  wheel  is 
almost  undisturbed  and  thus  high  mean  velocities  and 
low  RMS  velocities  are  seen.  The  figure  serves  to 
illustrate  the  Made  variation  in  RMS  velocities 
encountered  even  Mdthin  a  single  traverse. 

In  the  region  immediately  behind  the  tear  wing, 
two  types  of  flow  dominate,  vortices  and  low  speed/high 
RMS  flow  at  the  exit  of  the  rear  diffuser.  The  vortices 
are  shed  firom  the  top  sutfsce  of  the  rear  wing  end  plate 
and  are  caused  by  the  flow  separating  from  the  top  edge 
of  the  end  plate  as  it  travels  from  the  high  pressure 


region  inboard  of  the  end  plate  to  the  low  pressure  area 
outside.  These  vortices  may  be  visualised  mImu  Formula 
one  cars  race  in  humid  conditions.  Fig.  10  shows 
contours  of  U(streamMdse),  V(cross-flow)  and 
W(vertical)  velocity  components  and  contours  of 
streamwise  vorticity  taken  at  a  nation  170mm 
downstream  of  the  rear  wing  end  plate.  The  contours  of 
streamwise  velocity  show  a  region  of  velocity  deficit  in 
the  area  of  the  vortex  and  in  the  lower  portitm  of  the  plot 
where  the  flow  exits  the  rear  diffuser.  The  contours  of 
the  V  and  W  velocity  components  show  classical 
distributitms  for  a  vortex  structure  at  the  top  edge  of  the 
ad  plate.  In  the  region  behind  the  diffuser  the  cross- 
flow  velocities  are  very  small  whilst  the  vertical 
conqxment  shows  a  small  up-flow. 

The  flow  around  the  open  udieels  on  a  Formula 
one  car  has  a  strong  influace  on  the  overall 
aerodynamics  of  the  car,  and  generates  a  large  proportion 
of  the  aerodynamic  drag.  Fig.  1 1  shows  a  velocity  vector 
plot  coDqx>sed  of  the  V  and  W  velocity  components  at  a 
station  20mm  in  firtMit  of  the  rear  wheel.  This  illustrates 
the  strong  three  dimensional  nature  of  the  flow  and,  as 
can  be  seen,  the  direction  of  the  velocity  vector  can 
suddenly  reverse  in  the  region  of  flow  stagnation  near 
the  centre  of  the  wheel  posing  considerable  difficulties 
when  recording  data.  It  will  be  noted  that  this  stagnation 
region  is  not  central  to  the  wheel  as  the  rotation  of  the 
wheel  causes  flow  circulation  thus  displacing  the 
stagnation  region  downwards. 

The  strong  influence  of  the  open  wheds  is 
illustrated  by  Fig.  13,  Mhich  shows  contours  of 
streamwise  RMS  at  the  three  previously  described 
staticms,  and  the  position  of  the  traverse  grids  relative  to 
the  car.  The  wake  flows  from  the  wheels  dominate  the 
flow  at  all  three  stations  though  it  is  possible  to  see  die 
trailing  vortex  from  the  rear  wing. 

5.1  MEASUREMENTS  UNDER  THE  FRONT  WING 

A  number  of  foctors  make  measurements  under 
the  front  wing  of  the  car  particularly  difficult.  The  most 
obvious  of  these  is  that  due  to  the  extremely  low  ride 
height  of  the  car  it  is  difficult  to  gain  access  to  the  under 
side  of  the  wing,  both  for  alignment  purposes  and  to  take 
the  measurements.  The  access  is  limited  ultimately  by  die 
angular  separation  of  the  beams  and  the  angle  to  the 
tunnel  floor  at  which  they  can  be  projected.  Fig.  12 
illustrates  the  difficulties  of  access  to  the  underside  of  die 
front  Mong.  Several  methods  were  developed  to  increase 
the  level  of  access  to  the  underwing  region.  In  order  to 
achieve  the  minimum  possible  grazing  angle  to  the  tunnel 
floor,  thereby  maximising  the  dqith  of  beam  penetration 
under  the  wing,  the  beams  were  projected  vertically 
downwards  and  a  pair  of  4S  degree  mirror  boxes  were 
used  to  turn  the  beams  through  90  degrees.  These  are 
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seen  in  Fig.  3.  To  allow  these  mirror  boxes  to  reach  the 
floor  the  optic  bench  was  mounted  on  the  fn»t  of  the 
forward  extension  arm  previously  described. 
Triangulated  adjustnMit  of  the  mirrors  enabled  fine 
adjustment  of  the  beam  paths  to  be  carried  out  and  the 
pin-hole  meter  was  used  to  establish  the  beam 
geometries.  In  addition  to  the  mirror  boxes  a  perspex 
window  was  built  into  the  front  wing  end  plate  to  allow 
measurements  to  be  taken  in  the  region  behind  it. 

The  flow  under  the  wing  is  strongly  accelerated 
and  can  reach  almost  twice  the  fireestream  speed.  At  such 
^Meds,  in  order  to  achieve  a  sufficiently  high  centre 
frequency,  it  is  necessary  to  employ  a  large  bandwidth, 
and  consequently,  as  discussed  previously,  the  data  rate 
and  data  validity  will  be  much  reduced.  Furthermore  the 
enclosed  space  beneath  the  wing  means  that  strong 
reflections  are  almost  unavoidable.  Due  to  these 
reflections  and  the  presence  of  regions  of  very  steep 
velocity  gradients  and  vortical  flows  the  cross-coupled 
mode  of  operation  was  required.  The  extremely  restricted 
space  under  the  wing  meant  that  conventional  alignment 
techniques  were  impossible  as  there  was  insufflcient 
space  to  project  the  beam  images,  particularly  when 
aligning  the  beams  through  the  perspex  end  plate.  It  was 
however  possible  to  achieve  the  required  alignment 
accuracy  by  the  use  of  the  pin-hole  meter  alignment 
method,  which  is  not  compromised  by  confined  space. 

5.2  RESULTS  FROM  THE  FRONT  WING 

The  flow  around  the  front  wing  of  the  car  is 
seen  to  be  essentially  two  dimensional  for  the  majority  of 
the  span  excqit  at  the  wing  tips  and  near  the  centre  of  the 
wing  where  the  raised  nose  causes  some  spanwise  flow. 
The  end  of  the  wing  is  finished  with  a  large  «k1  plate 
which  has  the  primary  fimction  of  minimising  the 
‘leakage’  of  air  from  the  high  pressure  region  on  the  top 
surface  to  the  low  pressure  area  on  the  suction  side,  and 
thereby  prevent  loss  of  down  force  (lift)  near  the  end  of 
the  wing.  The  flow  around  the  wing  is  also  further 
modified  by  the  proximity  of  the  wing  to  the  ground 
which  results  in  a  greater  lift  force  than  would  be 
achieved  by  the  same  wing  in  free  air,  an  effect  known  as 
ground  effect. 

Fig.  14  shows  a  vector  plot  in  the  ‘V-W’  plane 
firom  a  traverse  takoi  through  the  vortex  shed  from  the 
bottom  of  the  wing  end  plate,  which  was  recorded 
through  die  perqmx  window  described  above.  The  vortex 
is  caused  by  separaticm  of  the  airflow  from  the  under  side 
of  the  end  plate  as  air  is  drawn  under  it  into  the  low 
pressure  region  bmeath  the  wing.  Fig.  IS  shows  a  ‘U-V’ 
vector  plot  taken  from  a  horizontal  traverse  immediately 
below  the  wing  end  plate  and  illustrates  the  flow  under 
the  end  plate  which  results  in  the  vortex  seen  in  Fig.  14. 
As  can  be  seen,  near  the  front  of  the  car  the  U-vector  is 


large,  reaching  a  in««inimn  at  the  point  of  peak  suction 
on  the  wing,  and  hence  the  UV  vecttH^  is  predominantly 
streamwiae.  As  die  flow  moves  downstream  the  V- 
component  increases,  and  the  flow  is  impeded  by  the 
presence  of  the  front  wheel  so  that  the  ‘U-V’  vector 
increasingly  towards  the  V  direction,  with  the 
effect  of  increasing  the  vortex  strength. 

6.  CONCLUSIONS 

The  successful  acquisition  of  three  dimensional 
velocity  at  over  8(X)0  discrete  data  points  around  the 
Williams  FW16  formula  one  car  has  shown  that  large 
scale  measurements  can  be  carried  out  to  a  high  degree  of 
accuracy  within  a  short  qiace  of  time  and  enconqiassuig 
a  wide  variety  of  flow  structures.  The  quality  of  die  data, 
and  the  high  Reynolds  number  enqrloyed,  enables  the 
results  to  be  directly  related  to  the  flo'v  around  the  full 
scale  car.  It  has  bm  shown  that  in  regions  of  strong 
velocity  gradient  where  spatial  resolution  is  of 
paramount  importance  the  cross-coupled  mode  of  ligh'. 
collection  is  essential  and  should  be  the  preferred  mode 
of  operation  for  all  other  LDA  measurements. 

The  quantitative  pin-hole  alignment  technique 
has  been  foui^  to  consistently  provide  the  alignment 
accuracy  required,  enabling  routine  cross-coiqiled 
operation.  The  method  may  be  applied  equally  well  vrfaen 
optical  or  visual  access  is  poor.  Modifications  to  the 
standard  traverse  gear  have  been  shown  to  considerably 
increase  the  flexibility  of  the  system  when  ^iplied  to  a 
large  scale  flow  problem. 
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'ig.  7  Contours  of  streemwise  voriicity,  Ox,  for  a 
wing  tip  vortex,  calculated  from  LDA  data 
recorded  in  back-scatter  and  cross- 
coupled  modes 
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rig.  8  Example  of  a  typical  traverse  grid 


I00a»300«0j00«00700100 
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Contours  of  streamwise  RMS  velocity  at  a 
station  20mm  downstream  of  the  front  wheel 
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Fig.  10  Contours  of  U,V and  W  velocity  components 
and  streamwise  vorticity  at  a  station  25mm 
downstream  of  *he  rear  wing  end  plate 
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Velocity  vector  plot  composed  of  the  V  and 

W  components  at  a  station  20mm  upstream  Fig.  12  Illustration  of  the  probiems  of  access  to 

of  the  rear  wheel  teat  traverse  sections  under  the  front  wing 
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Contours  of  streamwise  vorticity  at  three  daverse 
stations,  showing  the  influence  of  the  open  wheels 
and  rear  wing  vortex 
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Fig.  14  Velocity  vector  plot  composed  of  the  V  and 

W  components  for  a  section  through  a 
vortex  shed  from  the  front  wing 


Fig.  15  Velocity  vector  plot  composed  of  the  U  and 

V  components  showing  the  flow  under  the 
front  wing 
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ABSTRACT 

The  isothermal  How  in  a  model  of  an  arrangeiiH:nt  proposed 
for  the  combustion  of  pulverised  coal  at  high  pressure  has  been 
examined  by  a  combination  of  flow  visuali-sation.  lascr-DoppIcr 
velocimetry  and  probe  measurements  of  the  concentrations  of  a 
passive  .scalar.  The  model  comprised  a  perspex  enclosure  of  I3S 
mm  diameter  and  1  mm  length,  closed  at  (he  lop  and  with  the 
lower  end  joined  to  a  diffaser.  Four  19  mm  diameter  inlet  pi|ie.s 
were  arranged  circumferentially  at  *Xt  degree  intervals  and 
directed  the  inlet  flows  so  that  they  impinged  on  each  other  and 
subsequenUy  on  the  top  surface  before  turning  to  fonn  a  region 
of  separated  flow  and  passing  between  the  inctiining  jets  and 
into  the  diffuser.  The  results  confirm  the  nature  of  the  flow  and 
quantify  the  size  of  the  recirculation  regions  and.  therefore  the 
residence  times  which  they  provide  for  particles.  The  passive 
scalar,  a  tracer  of  helium  in  air.  was  added  to  one  inlet  flow  and 
the  results  show  that  scalar  field  is  dominated  by  the  penetration 
of  the  jet. 


1.  INTRODUCTION 

The  use  of  pulverised  coal  as  fuel  for  a  gas-turbine 
combustor  implies  that  it  be  bunted  at  high  pressuiv  and  that 
particulates  be  removed  from  the  hot  ga.ses  iKfore  they  enter 
the  turbine.  Thc.se  topics  have  been  discu.s.scd  by.  lor  example 
Preusser  and  Spindler  (I9KX)  and  by  Hannes.  Reichert  and 
Weber  (1989).  and  particular  gcomcirical  arrangements  have 
been  proposed  by  Hannes  et  al.  Ilazanov.  Ooldman  and  Timnat 
(198.^).  Sadakata.  Sakai.  Tominaga.  Yamamoto  and  Suzuki 
(1993)  and  Thambimuthu  (1993)  and  by  Mattsson  and 
Stankevics  (198.5).  Iliis  paper  is  concerned  with  the 
arrangement  of  the  last  two  authors  in  which  a  number  of  jets  tif 
coal-laden  air  arc  directed  into  a  cylindrical  furnace  .so  that  they 
impinge  and  move  towards  the  clo.sed  top  of  the  enclosure 
which  cau.se.s  the  fonnation  of  a  region  of  recirculation  which 
allows  the  required  rcsideiK-e  time  for  combustion  liefinv  the 
hot  gases  and  remaining  .solids  flow  towards  the  Ivitioin  of  the 
container  where  the  gases  flow  through  ducting,  which  cau.scs 
the  solids  to  remain,  and  towards  the  turbine.  'ITie  investigatioii 
is  restricted  to  the  flow  in  the  chamber  of  the  furnace  in  which 
the  primary  combustion  takes  place  and  so  does  not  address  the 
flow  in  the  lower  region  where  the  hot  gases  are  separated  from 
the  solid  materials.  Nevertheless,  the  results  pn>vide  a  basis 
for  further  investigation  in  that  they  include  the  fluid-dynamic 
boundary  condition  for  the  flow  at  entry  to  the  .separating 
region. 

The  measurements  presented  here  corres|sind  to  isotltcrmal 


single-phase  flow  and  have  been  performed  to  quantify  the 
nature  of  the  flow  under  these  idealised  conditions  and  thereby 
serve  us  a  foundation  upon  which  to  build  the  complexities 
associated  with  two-pha.se  flow  and  combustion.  They  have 
been  nerfonned  with  a  combination  of  flow  visualisation,  later- 
IToppler  velocimetry  and  probe  measurements  of  a  tracer  of 
helium  gas  which  quantifies  the  behaviour  of  a  passive  scalar 
and  this  instrumentation  is  described  in  the  following  section  in 
the  utntext  of  the  flow  configuration  and  with  an  assessment  of 
the  uncertainties.  Two  visualisation  methods  were  used,  the 
first  ba.sed  on  direct  photography  of  the  light  scattered  Eom 
small  particles  and  the  second  on  the  dispersion  of  an  oil  and 
paint  mixture  on  a  surface  within  the  flow.  The  first  pmved  to 
be  less  quantitative  than  hoped  and  the  second  provided  a  near- 
quantitative  impression  of  the  flow  upon  which  to  base  the 
location  and  detail  of  the  velocity  measuremenu.  The 
metuiuiements  of  the  passive  scalar,  with  injection  of  the  helium 
tracer  through  one  of  the  four  entry  ducts,  are  representative  of 
non-dimensional  temperature  for  the  particular  boundary 
condition  of  an  adiabatic  wall.  All  measurements  have  been 
provided  in  sufficient  detail  to  support  the  corresponding 
computational  efforts  of  Bcrgeles  and  Papadakis  (1994).  The 
results  are  presented  and  dLscu.ssed  in  the  third  section  and 
the  paper  ends  with  a  summary  of  the  more  important 
conclu.sions. 


2.  FLOW  CONFICUATION  AND  MEASUREMENT 
TECHNIQUES 

The  plexiglass  mixicl  is  .shown  in  figure  1  and  comprised  a 
cylinder  of  1 38  mm  internal  diameter,  closed  at  its  lop  end  and 
with  four  entry  ducts  of  19  mm  internal  diameter  arranged 
symmeUrically  around  the  circumference  to  inUroduce  air  so  thtf 
the  four  jets  impinged  on  the  axis  of  the  cylindrical  container 
and  moved  upwards  until  fnrecd  to  reverse  by  the  lop  surface. 
1hc  enu-y  duels  were  arranged  at  60  degrees  to  the  vertical  axis 
with  the  intersection  of  the  axis  of  each  entry  duct  with  the 
inside  of  the  enclosure  at  a  distance  of  I73  mm  from  the  top. 
Ihc  enury  ducts  were  760  mm  lung  and  connected  to  rotameters 
to  measure  and  nuiler  the  flow  and  to  a  central  source  of 
comprcs.sed  air.  The  lower  end  of  the  enclosure  was  connected 
to  a  45  degree  half-angle  diffuser  so  that  the  exhaust  passed 
through  a  duct  of  38  mm  internal  diameter.  All  dimensions 
were  checked  and  found  to  be  constant  within  2  %  of  those 
cited  above.  The  surfaces  of  the  perspex  enclosure  and  entry 
ducts  were  polished  to  ensure  optical  access  without  major 
distortion  and  Ihc  various  joins  were  effected  with  perspex 
cement,  'ihc  flow  rale  of  air  to  the  four  entry  ducts  was 
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mainiained  coastaiu  and  equal  lu  each  other  within  4  %  and  the 
consequenccii  of  asynunetries  due  to  ini[xised  tliffureiices  in  the 
four  flow  rates  are  discussed  in  the  followiiifi  section. 
Experinicnts  were  performed  with  total  How  rates  of  .S.7  aixl  K.2 
X  10'^  kg/s.  corresponding  to  Keynoltls  numher  in  each  pi|H:  and 
in  the  enclosure  of  20.(HKI  and  '2‘).()(K)  and  1  l.tHKI  and  Ifi.tKIO 
respectively.  Preliminary  tests  with  visualisation  and  hy 
measurement  of  velocity  profiles  in  orthogonal  planes  indicated 
symmetry  ol  the  How  sufficient  to  justify  suhsequeni  and 
detailed  measurements  of  half  profiles.  A  single  reverse-cyclone 
arrangment  was  u.sed  to  add  seeding  particles  to  one  of  the  entry 
duels  at  a  time  and  this  was  done  downstream  of  the  nitaineter 
and  2000  mm  upstream  of  the  entrance  to  the  enclosure.  Kaolin 
was  the  chosen  seeding  material  for  the  velocity  measurements 
and  was  supplied  to  the  cyclone  in  the  form  of  a  powder  of 
comprising  particles  of  nominal  diameter  less  than  For  the 
visualisation,  micro-balloons  were  added  to  the  cyclone  in  the 
form  of  a  powder  of  comprising  particles  with  a  iHiminal  mean 
diameter  within  a  40-.S0  pm  distribution.  1liey  provided  a  means 
to  scatter  light  from  a  light  sheet  formed  by  a  cylindrical  lens 
and  an  argon  ion  la.ser  operating  in  the  gieen  line  with  a  power 
of  around  0.7  W.  Visualisation  of  these  particles  proved  to  be  a 
less  satisfactory  method  than  that  u.sed  by  Sivasegaram  and 
Whitelaw  ( 1086)  in  their  box  combustor.  'Iliis  methiKl  made  u.se 
of  a  thin  sheet  of  stainless  steel  w'hich  was  intriKluced  into  the 
enclosure  along  the  symmetry  planes  of  zero  and  4.S  degrees 
after  it  had  been  coated  with  a  mixture  of  kerosene,  silicone  oil 
and  oleic  acid  with  titainium  dioxide  particles  as  pigment.  'Fhe 
plate  and  oil  mixture  were  exposed  to  the  flow  for  periods  up  to 
an  hour  atid  depended  upon  the  thickness  of  the  mixture  and  the 
wall  shear  stress  iti  the  region  of  interest.  'I'hu  surface  patterns 
were  photographed  with  a  .^.5mm  .SI.K  camera  using  black  and 
white  UK)  ASA  film. 


Figure  1  Schematic  diagram  of  combtilor  geometry  and  co¬ 
ordinate  system 

The  laser-Doppler  velocimeter  compri.sed  a  helium  neon 
laser  operated  at  6.^2.K  nm  and  2.^  mW  with  an  arrangement  of 
Bragg  cells  and  lcn.ses  to  divide,  focus  and  combine  the  light 
beams  and  to  provide  the  possibility  of  fiequency  shift. 


Scattered  light  was  collected  in  the  forward  direction  by  a 
'Tamroir  7()-2l()mm  f4..S  zoom  lens.  Further  details  of  the 
o|Hical  arrangement  are  provided  in  table  I. 


2.S  mW  lle-Ne  La.ser.  Wavelength 

632.8  nm 

Beam  Diameter  of  Laser  at  e-2  Intensity 

L2S  mm 

Focal  Length  Of : 

Imaging  Ixns  From  Laser  to  Grating 

1.^0  mm 

Collimating  Ix'ns  After  Grating 

200  mm 

Imaging  Leas  to  Fiwus  Control  Volume 

300  mm 

No.  of  Lines  on  Radial  Diffraction  Grating 

16384 

Maximum  Frequency  Shift 

6.SS  MHz 

Stability  of  Frequency  Shift 

0.30% 

Beam  .Spacing 

41.8  mm 

Half  Angle  of  Beam  Intersection  Angle 

3.991 

Width  of  Control  Volume  at  c-2  Intensity 

I4S.09  )lm 

1-ength  of  Control  Volume  at  e-2  Inteasily 

2079.6  )im 

Fringe  Spacing 

4..S46  |im 

No.  of  Fringes  within  e-2  Inteasity 

32 

Frequency  to  Velocity  Conversion 

0.22  ms  /MHz 

Table  I .  Optical  characteristics  of  laser-Doppler  velocimeter 

The  amplified  signal  from  the  photomultiplier  was  converted 
into  velocity  values  by  a  zero-crossing  counter,  as  described  by 
Heitor.  I.aker.  Taylor  &  Vafidis  (1984)  and  an  IBM  compatible 
486DX  personal  computer  and  the  minimum  number  of  velocity 
values  usetl  to  form  averages  at  each  measurement  location  was 
4(XX).  'Iliis  resulted  in  statistical  uncertainties  of  ^3%  in  the 
mean  and  ^  fi'H  in  the  rms. 

The  concentrations  of  a  helium  gas  tracer  added  to  the  air  of 
one  of  the  entry  ducts  with  a  volumeuic  concentration  of  10% 
{2.(y%  by  volume  of  total  air  flow  rate)  were  sampled  with  a 
probe  and  measured  by  a  katharomelcr  (Taylor  Servomex 
('0.197)  with  an  uncertainty  within  ^2%  of  the  maximum 
value.  'Ihe  pnibe  had  external  and  internal  diameters  of  3.2  mm 
anu  I  ..S  mm  respectively  and  entered  the  enclosure  through  a 
series  of  holes  located  on  the  combustor  wall.  Suction  was 
applied  to  the  probe  at  a  rate  determined  from  experiments 
performed  with  a  wide  range  of  How  rates  which  showed  that 
the  flow  rate  had  little  infiuence  within  the  range  of  the  present 
measiireiiieiits. 


3.  Ri;.SUl.T.S 

I'he  photographs  of  figure  2  provide  a  near-quantitative 
impression  of  the  How.  That  taken  in  the  plane  of  two  entry 
ducts  and  orthogonal  to  the  third  shows  the  jets  entering  the 
chamber  and  directed  towards  it's  axis  before  which  it  interacts 
with  the  orthogonal  jet  directed  towards  the  plane  of  the  paper. 
These  three  jeiN  merge  and  move  upwards  where  they  reach  a 
stagnation  region  cau.scd  by  the  top  surface  of  the  enclosure,  and 
turn  through  180  degrees  and  towards  the  exit  diffuser.  The 
thickness  of  the  oil-paint  mixture  distorts  the  flow  in  that  it 
suggests  a  stagnation  region  clo.se  to  the  top  of  the  enclosure  but 
not  as  close  us  the  true  region  of  flow  reversal.  Also,  there  is  a 
clear  tendeiK-y  for  oil  to  build  up  in  low  velocity  regions  such  as 
that  in  the  left  hand  edge  of  the  photograph  and  at  the  upper 
edge  of  incoming  jets.  The  second  photograph  corresponds  to 
the  plane  at  4.^  degrees  to  that  of  the  first  photograph  with  the 
impingement  of  two  jets  at  4.*!  degrees  to  the  paper,  and  in  the 


39.1.2. 


possnasip  iRtp  n]  snoj  jop  ir  aui:|tj  :>q)  iii  sjoi.-iaa  nm 


'll  01  sacudap  i;^  ic  pun  uoiiaa|u|  ni  (Ruuojyj  saiir|,|  iii  vimmio,) 
uopaunjuicajis  puR  Xitao[a/^  ima^  (o  si»|,|  iniaa/^  a.in:ii.| 

a/x 


.0  t  i- 


'SjniHiqiiiau 

SI!  pue  I!  uaaMiat)  Suisscd  jic  aqi  puc  laj'  aqi  jo  aanjjns 
iaMO|  aqj  uiojj  Suiuioo  puc  iixa  aqi  spjRMUi  paiaaiiip  xaiii.-xqaA 
ja/no|  JO  uoiSaj  aSjc|  c  si  ajaqj,  'siaf  aqi  uaaMiaq  ^ipidcj 
spiicMUMop  saAOUi  Mou  aqi  icqi  painiaal'uua  aq  Xiipcau  iica  ii  mq 
laf  aqi  jo  aue|d  aqi  ui  saqiaoiaA  aui|  sRq  mou  spiCMUMop  aqi  icqi 
jcap  S1 1!  MOU  Suiuioaui  aqi  jo  uoiSai  aqi  I’l  'doi  aqi  ui  asop 
uoiSaj  aqi  uioij  saAOUi  ii  sc  Xipidei  suapiM  mou  spjCMiiMop  aqi 
puc  z  aJnSy  Xq  paisaSSns  ucqi  ainsoiaua  aqi  jo  doi  aqi  oi  jasn|a 
SI  MOU  JO  Suiuini  JO  uoiSaj  aqx  'aacjjns  doi  aqi  spjcMUi 
SuianpaJ  puc  luauiaSuiduii  jo  iioiicaiq  aqi  aAoqc  saiiiaiqaA 
IsaqSiq  aqi  qiiM  siaf  aajqi  jaqio  aqi  siaasiaiiii  ii  laijR  puc 
aSpa  jaddn  sii  oi  aso|a  sc  laf  aqi  jo  uoiiRjapaaR  auios  s|  a.iaq,|, 
'lapno  aqi  spjCMOi  icsjoaoj  puc  doi  aqi  oi  aso|a  uoiiaaiip  jo 
aSucqa  luanbasqns  qiiM  ajnsoiaiia  aqi  jo  doi  aqi  spjcMoi  ^itiiuni 


'<11  |ii  laiiiiRiii  aqi  ptiR  iq:i!J  iiioiioq  aqi  |R  iaii|)  aqi  uiiuj  duuaiua 
lal  aqi  pi  XjoiaalRii  aqi  Avoqs  sjuiaaA  AiiaoiaA  iicaui  aqj. 


amSij  jo  sauR|d  omi  aqi  joj  paiuasojd 
ajR  Minsai  'asca  qaca  u|  ajnSij  jo  sjnoiiioa  aqi  Xq  sapisuaiui 
aaiia|nqjni  puc  ^  ajnilij  jo  sinoiuna  uoiiaunj  uicans  puc  sjoiaaA 
aqi  Xq  paiiiasaidaj  saiiiaopA  ucaiu  qiiM  Xiiaunao|aA  ja|ddo(] 
-jasR]  Xq  N'liiauiajnxRaui  jn  sqnsaLi  aqi  Moqs  ^  pun  v;  saiinSij 
spiRMiiMop  iiiMAUUi  inqi  puR  spjRMdn  iluiAOUi  MOU  aqi  uaaMiaq 
iHtisiAip  aqi  siuasaxlaj  (lo  jo  jaXRf  qaiqi  c  oi  diiiptiodsajuoa  auq 
aq,L  iixa  puc  jaxnjiip  aqi  spjRMOi  mou  oi  siuni  ii  ajaqM  uoiSaj 
iioiiRiiiiRis  R  N|>jRMoi  spjRmdn  saAoui  mou  oqi  'uicSy  'sixc 
IcaiviaA  aqi  pin;  ati!(  iiqiiozijoq  aqi  jo  tioiiaasjaiui  aqi  jo  XiiuiaiA 


atove  suggests  ncar-syinincuital  luniiiig  ol  the  Hiiw  close  lo 
the  top  of  the  enclosure  and  the  less  syininetrical  lurnitig 
helow  the  incoming  flows.  'I'he  contours  emphasise  the 
regions  of  high  velocity,  show  the  different  shapes  ol  the 
interscetton  regions  m  the  tsvo  planes  and  identify  the 
po.ssihle  existence  of  a  small  vortex  within  the  plane  ol 
injection  underneath  the  reversed  incotitmg  jets. 

I'he  turhulence  intensities  of  figure  4.  defined  as  the  local 
rms  of  velocity  fluctuations  divided  hy  the  hulk  velocity  of 
the  incoming  jet  and  minima  of  around  fl.  12  in  the  regions  ol 
low  velocity  and  shear.  The  maximum  value  is  around  0.24. 
close  to  that  of  a  fully-developed  turbulent  jet.  hut  occurring  a 
comparatively  short  distance  from  the  plane  of  entry  to  the 
enclosure  and  before  impingement  where  the  intensities  are 
rather  lower,  in  contrast  to  the  measurements  of  McCiuirk  and 
Palma  ( 1992)  which  show  a  high  intensily  at  the  location  of 
intersection  of  normal  jets.  It  may  be  that  the  latter  are 
as.sociale  with  a  periodic  instability  which  would  be  less 
likely  lo  occur  in  jets  which  impinge  obliquely  as  in  the 
present  case.  ' 


normal  and  at  4.S  degrees  lo  injection 

The  mixture  fractions  of  figure  arc  also  shown  in  the 
two  planes  of  figure  2.  here  with  full  view  of  the  ves.sel  rather 
than  a  symmetrical  half  as  in  figures  ^  and  4  and  rei|uired 
because  the  tracer  of  helium  gas  was  injected  into  one 
entering  flow  as  shown.  I'he  incoming  jet  allows  the  pa.ssive 
scalar  lo  reach  almost  lo  the  centre  line  before  it 
concentration  begins  lo  decay  but  the  decay  from  the  edges  of 
the  contour  of  the  concentration  of  the  incoming  gas  is  rapid, 
particularly  in  the  downwards  and  cross-.sircain  directions 
although  it  can  be  expected  that  the  latter  would  be 
considerably  reduced  when  all  jets  contain  the  same 
conccnlralion  of  the  scalar.  This  rapid  decay  is  emphasised  by 
the  results  in  the  4.S  degree  plane  where  the  highest 
concentration  to  be  seen  is  less  than  half  that  of  the 
incoming  gas.  I'he  probable  reduction  in  decay  is  supported 
by  the  previous  figures  which  show  that  the  velocity 
charactcislics.  which  should  behave  m  a  manner  similar  to 
that  of  the  scalar  where  the  scalar  is  present  in  all  four  entry 
ducts,  decay  more  gradually. 
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Figure  ,S  Passive  .Scalar  Mixture  Fraction  Contours  Within 
Both  Planes 


4  Di.sn  issioN  andconci.iiding  remarks 

llie  present  Mow  may  be  compared  u.sefully  with  that  of  an 
aircraft  gas-turbine  combustor  where  primary  jets  are  arranged 
to  impinge  and  lo  create  a  toroidal  recirculation  region  in 
which  fuel  has  lime  to  burn.  In  the  present  flow,  the  jets 
impinge  oblii|uely  and  the  fuel  would  be  tran.sported  by  the 
in-coming  an  but  the  two  configurations  are  similar  in  that 
they  seek  to  provule  residence  lime  for  coinbuslior.  and  a  flow 
of  hot  gases  which  pass  between  the  incoming  jets.  There  is  a 
further  similarity  m  that  experimeiiLs  have  been  performed 
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with  itothennal  flow  in  models  of  gas-turbine  combustors  and 
compared  with  results  of  flows  with  combustion  and  the 
comparisons  show,  for  example,  the  much  stronger  recirculating 
flows  associated  with  the  accelerations  of  the  combusting  flows. 

The  dimensions  of  the  toroidal  or  near-toroidal  region 
formed  by  the  four  jets  and  the  enclosure  are  similar  to  those  of 
the  model  combustor  of  Heitor  and  Whitelaw  (1985)  and  the 
maximum  velocity  in  the  enclosure  with  isothermal  flow  is  also 
similar  with  a  value  of  around  IS  m/s  downstream  of  the  entry 
ducts.  The  dimensions  may  also  be  compared  with  the  ratio  of 
the  area  of  the  entry  apertures  to  that  of  the  enclosure  in  the 
present  combustor  and  foe  gas-turbine  combustor  equal  to  0.075 
and  0.109  respectively.  However  comparison  of  the  strengths  of 
the  vortical  motions  is  difficult  because  of  the  oblique  entry  foe 
present  geometry  and  foe  influence  of  swirl  in  the  gas-turbine 
combustor.  In  foe  region  between  foe  entry  ducts  and  foe  top  of 
foe  two  combustors,  foe  recirculation  zones  have  characteristic 
widths  and  lengths  of  0.67D  and  0.67D  for  the  gas  turbine 
combustor  and  0.3D  and  0.75D  for  foe  present  geomebry,  where 
D  is  foe  combustor  width.  Consideration  of  the  residence  times 
provided  within  both  recirculation  zones  allows  comparison  of 
foe  time  available  for  combustion  in  each  flow.  Using  foe 
residence  time  scale  derived  in  Visser  and  Weber  (1992)  and 
Orfanoudakis  (1994),  we  can  estimate  foe  residence  time  within 
foe  gas-turbine  as  120  ms,  assuming  foe  internal  recirculation 
zone  to  be  elliptical  in  nature.  For  the  present  geometry,  where 
foe  recirculation  zone  is  effectively  a  torus  the  residence  time  is 
around  190  ms  so  that  the  present  geometry  (Movides  some  50  % 
more  time  for  combustion  and  this  will  assist  foe  complete  bum 
out  of  char  particles  within  it. 

The  influence  of  combustion  in  foe  gas-turbine  flow  reduced 
the  effective  residence  time  by  some  25  %  {nimarily  due  to  a  20 
%  decrease  in  foe  width  of  foe  recirculation  zone  and  an 
increase  in  foe  axial  velocities.  Within  foe  geometry  cf  foe 
present  paper,  similar  trends  may  be  inferred  and  a  large  increase 
in  the  axial  velocities,  particularly  in  foe  region  downstream  of 
foe  entry  ducts,  will  decrease  foe  mean  residence  time  for  char 
particles  burn.  However  it  must  be  rememberred  that  wall 
crqrture  of  larger  particles  can  increase  their  effective  residence 
times  which  are  certain  to  be  longer  in  foe  real  geometry  since 
foe  dimensions  are  some  three  times  greater. 

The  similarity  of  foe  two  flows  is  also  of  assistance  in 
considering  foe  representation  of  foe  furnace  by  foe  numerical 
solution  of  conservation  equations  in  differential  form  since 
there  is  a  considerable  back^und  of  effort  in  foe  calculation  of 
gas-turbine  flows.  In  both  cases,  there  are  three  independent 
variables,  impinging  jets,  two-phase  flows,  recirculation  and 
combustion  at  pressures  which  require  consideration  of  radiation 
heat  transfer.  In  foe  present  case,  however,  foe  fuel  involves 
devolatiiisation  and  foe  combustion  of  gas  and  solid  material 
with  the  need  for  longer  times. 
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ABS1R/\CI 

Impact  erosion  by  particles  is  the  ntost  common  cause  of 
mechanical  failure  in  sloka  fired  shell  boilers,  impact  erosion 
IS  influenced  by  the  partidc/gas  flows  in  the  reversal  chamba 
of  the  shell  boiler.  Hence  the  obicctive  of  this  work  was  to 
as.sess,  using  laser  sheet  illumination,  the  particle  flow,  tor 
example  particle  velocity,  and  particle  size,  in  the  reversal 
clumber  of  a  top-teed  shell  boiler,  and  the  elTect  on  the  flow  of 
changing  boiler  conditions. 

Overall  as  boiler  firing  rate  was  increased,  the  numba  of 
particles  increased  and  the  average  particle  velocity  decreased. 
The  highest  wear  of  the  smolte  tube  entrances  was  estimated  to 
be  at  the  base  and  the  outer  edges  of  the  smoke  tube  bank,  and 
this  agreed  with  previously  observed  smoke  tube  baidt  wear 
patterns. 


1  INTRODUCTION 

The  aim  of  this  work  was  to  use  laser  sheet  illumination  to 
determine  the  solid  loading,  solid  velocity  and  particle  size  in 
tlic  rear  reversal  chamber  of  a  top-feed  stoker  fired  shell  boiler 
and  the  effect  of  boiler  conditions  on  these  parameters. 

In  a  lop-feed  shell  boiler  coal  is  burnt  in  a  furnace.  Hu 
grits  and  hot  gases-produced  by  combustion  enter  the  front 
reversal  chamber,  turn  by  180'’  and  enter  the  first  set  of  heat 
exchanger  tubes  arranged  in  a  half  crescent  smoke  lube  bank  at 
the  side  of  the  furnace.  Alla  exiting  these  tubes,  they  enta  the 
rear  reversal  chamba  where  their  flow  is  reversed  once  more 
and  tlic>  enta  the  second  set  of  heat  e.xchanga  tubes  (a  smoke 
tubes). 

These  grits  travelling  at  relatively  high  speed  cause  impact 
erosion  at  the  smoke  tube  entrances.  This  is  the  most  common 
cause  of  mechanical  failure  in  a  strdca  fired  sheO  boila.  In  a 
survey  of  sprinkla  stoka  fired  shell  boila  plant  in  the 
North-West  of  England,  3S%  of  boilers  were  reported  to  have 
erosion  wear  jnoblems  caiuing  smoke  tube  failures  (British 
Cool  (1993)). 

Impact  erosion  was  known  to  be  affected  by  the  mass  flow 
of  solids,  solids  velocity,  and  particle  size,  which  in  him  may 
he  affected  by  boila  conditions,  fw  example  the  boila  firing 
rate.  Hence  it  was  important  to  characterise  the  solid  flow  by 
measuring  solid  loading,  velocity  and  size  in  a  lea  reversal 


chamba  of  a  top-feed  shell  boila,  and  the  effect  of  boila 
conditians  on  these  flows  and  subsequently  on  snnoke  tube 
wear. 


2.  LASER  SHEET  ILLUMINATION 

A  lasa  sheet  was  exparxled  from  a  pulsed,  high-powered, 
Irequency  doubled  (wavelength=S32nm)  Nd:YAG  lasa  with  a 
f=-6mm  cylindrical  lens  and  a  F=3S0inm  converging  lens 
(Figure  I). 
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Figure  I  Lasa  shea  illumination  in  top-feed  shell  boiter 

The  sheet  was  directed  into  one  of  seven  ports  located  in 
the  doOT  of  the  lea  reversal  chamba  (Figine  2).  Each  port  was 
in  liiK  with  a  smoke  tube  exit. 

A  Sony  XC-77/RRCE  CCD  camera  positioned  at  the  top  of 
the  reversal  chamba  viewed  the  solids  in  the  hoiizcatal  lasa 
sheet  at  90*.  The  lens  used  was  eitha  a  zoom  lens  or  fs12.Siiim 
lens,  depending  on  the  distance  between  the  camera  and  the 
lasa  sh^  The  nearest  smoke  tube  (numba  S)  intersected  by 
the  sheet  was  3Scm  away  from  the  camera,  while  the  furthest 
smoke  tube  (numba  18)  was  I  .Sm  away  from  the  camera.  The 
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laser  fired  23  pulses  a  second  to  ensure  particle  images 
appeared  on  each  video  frame. 
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the  computer  The  video  frames  vscTe  then  analysed  with  the 
sollware  package  'Visillow'. 

The  'Visiflow'  software  ofTered  a  choice  of  analysis 
methods  to  deterraine  velocity  vectors  than  the  video  images, 
which  were  first  binansed  into  a  black  and  white  image  (black 
background  and  white  particles)  The  optimum  method  for  a 
particular  video  image  depended  on  the  number  of  particles  and 
their  velocity  gradient.  Manual  matchmg  and  particle  tracking 
methods  were  best  for  low  particle  concentrations,  and  high 
velocity  gradients.  Autocorrelation  was  best  Ibr  high  particle 
concentraticMis  on  the  video  image  when  particle  pairs  could  not 
be  distinguished. 

The  (^timum  analysis  method  for  the  video  images  in  this 
work  was  a  combination  of  particle  tracking  and  manual 
matching.  The  particle  tracking  algorithm  in  'Visiflow'  was 
applied  to  the  binarised  image  witli  a  user  defined  maximum 
velocity.  The  subsequent  data  was  plotted  as  a  velocity  vector 
map.  Manually  the  vectors  were  edited;  discarding  wrong 
particle  pairs,  and  matching  clearly  coircct  particle  pairs. 

Around  some  snmke  tubes,  the  number  of  particle  pairs  on 
a  single  video  image  was  insufficient.  Hence  several  video 
frames  for  a  certain  smoke  tube  were  analysed  with  'Visiflow' 
and  the  velocity  vector  data  sets  summed  The  average  velocity 
was  calculated  and  the  velocity  vector  map  plotted.  This 
analysis  was  repeated  for  all  solids  in  the  laser  sh^  fm  each  of 
the  seven  smoke  tubes  at  varying  boiler  conditions. 


Figure  2  Position  of  smoke  tubes  and  viewing  in  top-feed 
shell  boiler 


For  velocity  information  (i.e  for  Particle  Image  Velocimetry), 
the  NtLYAG  laser  fired  2  pulses  O.Sms  apart  Hence  a  total  of 
SO  pulses  a  second  were  fired  and  2  images  of  the  same 
particles  were  captured  on  a  single  video  frame. 


3.  EXPERIMKNTAL 

Video  images  were  recorded  of  solid  flows  in  the  laser 
sheet  intersecting  each  of  the  seven  smoke  tubes  at  a  low  boiler 
firing  rate  (48%  Maximum  Continuous  Rating,  MCR).  In  the 
middle  of  the  test  the  boiler  firing  rate  was  increased  to  a  high 
rate  of  1 1 3%  MCR.  For  some  tests  the  rate  of  grits  being 
refired  in  the  furnace  was  increased  by  banging  the  grit  refiring 
line.  This  line  took  the  grits  collected  in  the  cyclone  back  into 
the  furnace. 

To  determine  the  number  of  particles  and  their  size  and 
how  this  was  affected  by  differing  boiler  conditions,  video 
images  of  solids  around  each  smoke  tube  were  digitised  with  a 
Data  Translation  DT38S2  framegrabber  processor  into  a  486 
33MHz  computer.  Software  was  used  to  locate  the  particles 
within  user  defined  grey  level  threshold  and  then  measure  the 
area  of  the  particles. 

To  determine  the  velocity  of  solids  in  the  reversal 
chambo-,  and  the  effect  of  differing  boiler  conditions,  2-d 
velocity  maps  were  cmnpiled  from  the  video  images  recorded 
by  the  CCD  camera  of  solids  in  the  laser  sheet  intersecting  the 
smoke  tubes.  The  video  images  were  selected  and  digitised 
with  a  Data  Translatitm  DT38S2  framegrabber  processor  into 


Figure  3  Solid  loading  at  smoke  tube  8  with  i)  low,  and  ii) 
high  boiler  firing 
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llie  nuinbcT  ol  particles  counted  by  Uic  solhvare  around 
each  smoke  tube  varied  with  the  location  of  the  smoke  tube  in 
the  smoke  tube  bonk.  There  were  two  regiions  of  high  solid 
loading  for  all  boiler  conditions  and  these  were;  i)  in  the  upper 
central  region  of  the  smoke  tube  bank,  around  smoke  tubes  8 
and  9.  and  ii)  in  the  lower  port  of  the  bank  around  smoke  tube 
16  ITcvious  measurements  of  grits  by  Untish  Coal  (1993) 
collected  with  isokinetic  equipment  placed  through  the 
appropriate  port  had  also  detected  two  regioas  of  high  solid 
lo^ng  at  smoke  tubes  8  and  18. 

The  number  of  particles  was  affected  by'  boiler  conditions. 
Figure  3  shows  a  typical  result  for  smoke  tube  8  with  low  and 
high  boiler  tiring.  Tlie  location  of  solids  is  plotted  on  the  grid. 
The  numbers  on  the  a.\cs  represent  distance  in  the  reversal 
chamber  in  millimetres.  The  number  of  particles  clearly 
increased  with  an  increase  in  boiler  firing  rate. 


5.  PARTICLE  SIZE 

The  average  area  varied  betw'een  2  and  7mm^  with  a  mean 
area  of  4mm^  across  all  the  smoke  tubes.  This  area  was 
equivalent  to  a  particle  diameter  of  2.3mm,  assuming  the 
particle  was  a  sphere.  Previous  size  analysis  by  British  Coal 
(1993)  of  grits  had  measured  an  average  particle  size  of 
between  I  and  l.Smm^  The  close  agreement  between  the  2  size 
measurements  validated  the  laser  sheet  dcteimiiuition  of 
particle  size.  The  smaller  size  measured  by  sieve  analysis  was 
expected  because  sieve  analysis  generally  measures  the 
sinallest  dimension  of  the  particle  while  image  analysis 
measures  any  of  the  dimensions  of  a  particle. 

Area  histograms  were  drawn  from  the  image  aiuilysis  area 
data  to  show  the  proportion  of  large  and  small  particles  around 
each  smoke  tube  at  different  boiler  conditions.  Figure  4  shows 
a  typical  distribution  for  smoke  tube  12.  From  the  area 
histograras  it  was  easier  to  assess  how  boiler  conditions 
affected  the  size  of  particles  around  the  smoke  tubes.  For 
instance  the  number  of  smaller  particles  increased  with  on 
increase  in  boiler  firing  rate  and  grit  retiring  rate  around  smoke 
tubes  9,  1 2  and  1 5  (  Figure  4). 
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Figure  4  Area  Histogram  for  solids  around  smoke  tube  12 
with;  i)  low,  and  ii)  high  boiler  firing,  and  iii) 
increase  in  grit  tefire 


6.  SOLID  VELOCITY 

6  1  Average  Velocity 

% 

The  average  solid  velocity  for  the  particles  around  each 
smoke  tube  for  different  boiler  conditions  was  calculated  from 
the  velocity  vector  data  (Table  I ). 

The  average  solid  velocity  varied  with  smoke  tube 
location;  the  highest  average  solid  velocity  was  around  smoke 
tubes  8  and  12,  and  the  lowest  at  smoke  tube  9.  The  solid 
velocity  was  consistently  lower  than  a  previously  calculated  gas 
velocity  (British  Coal  (1993)).  This  was  not  surprising  because 
there  were  a  wide  range  of  sizes  of  particles  in  the  reversal 
chamber.  itKluding  larger  particles  which  travelled  slower  than 
the  gas  stream.  It  was  interesting  to  note  the  gas  velocity  was 
also  highest  around  smoke  tubes  8  and  12.  and  lowest  around 
smoke  tube  9. 

Increasing  the  boiler  firing  rate  and  grit  tefire  rate 
decreased  the  average  solid  velocity  at  all  smoke  tubes  except 
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smoke  tube  K  where  ihe  avoratse  sohJ  veloeily  uicreused  with  a 
luglicr  boiler  tiring  rale 

Table  1  Velocity  lor  top-lixsl  boiler 


Tube 

Number 

Gas 

Velocity 
(ins ') 

Average  Solid 
Velocity  (ms') 

48% 

MCR 

113% 

MCR 

grit 
re  file 

5 

113 

8.74 

7.5 

no  data 

8 

14. t 

9.91 

10.24 

7.81 

9 

10.4 

6.98 

6.06 

5.87 

12 

14.7 

9  67 

8.56 

7,2 

15 

13 

9.6 

9.53 

8.55 

6. 1  Velocity  maps  and  solid  flow 

Velocity  maps  were  plotted  lor  the  2^1  solid  velocities 
around  each  smoke  tube  at  varying  boiler  conditions.  A  typical 
velocity  vector  map  is  shown  in  Figure  3  for  the  solids  in  the 
laser  sheet  intersecting  smoke  tube  12  with  the  boiler  at  a  low 
firing  rate. 


Figure  5  Velocity  vector  map  for  solids  around  smoke 
tube  12  at  a  low  boiler  finng  rate 

The  numbers  on  the  axes  represent  distance  in  the  reversal 
chamber  in  millimetres.  The  length  of  the  velocity  vectors 
represented  the  velocity  magnitude 

The  general  solid  tlow  in  the  reversal  chamber  could  be 
assessed  from  the  velocity  maps  because  they  contained  the 
directional  and  velocity  information  of  solids. 

Solids  are  seen  exiting  tlie  first  set  of  smoke  tubes  and 
crossing  the  body  of  the  reversal  chamber.  A  second  flow  of 
particles  is  seen  crossing  the  reversal  chamber  diagtmaily. 
Furthermore,  solids  are  seen  turning  towards  the  second  set  of 
smoke  tubes  Tliese  Hows  were  due  to  the  combined  effects  of 
gravity  and  the  18(1°  change  in  direction  within  the  reversal 
chamber 


(ienerally  changing  boiler  coiidiUoiLs  did  not  afl'ect  the 
path  of  solids  in  the  rear  reversal  chamber 


7  wf:ak  of  smokf:  tubi;s 

Impact  wear  erosion  was  known  to  be  alTected  by  the  mass 
flow  of  solids,  solid  velocity  and  particle  si/e  l^evious  work 
by  Bntisli  Coal  (1993)  had  predicted  the  erosion  rate  of  smoke 
tubes  was  proportional  to  the  solid  velocity  cubes  multiidied  by 
the  mass  tlow  of  particles  hitting  the  target  area. 

Hence  the  wear  around  the  smoke  tubes  in  the  tube  bmik 
of  the  rear  reversal  chamber  was  estimated  from  the 
experimental  data  of  particle  numbers,  particle  velocity,  aai 
particle  size  (Table  2)  The  mass  of  solids  was  assumed  to  be 
proportional  to  the  average  solid  volume  multiplied  by  the 
number  of  particles.  Ilic  highest  rate  of  wear  was  at  the  outer 
edge  of  the  smoke  tube  bonk  at  smoke  tubes  8  and  IS 
wear  surveys  by  British  Coal  (1993)  had  measured  high  levels 
of  wear  in  these  smoke  tubes,  i.e  at  tlte  base  of  the  tube  bank 
and  in  the  outer  edges. 


Table  2  Wear  esimates  for  top-feed  shell  boiler 


Tube 

Number 

Wear  Estimate  (mVs^) 

48%  MCR 

113%  MCR 

grit  lefiie 

5 

18 

16 

no  data 

8 

135 

103 

88 

9 

19 

7 

6 

12 

38 

26 

12 

15 

84 

26 

1 

87 

llie  most  severe  wear  occured  at  the  ba.se  of  the  tube  bank 
most  likely  because  of  an  accumulation  of  gnts  at  the  base 
which  arc  continuously  being  entrained  into  the  emerging 
particle  stream.  Hence  the  concentration  of  particles  in  the  gas 
flow  m  the  vicinity  of  the  base  of  the  tube  bank  is  increased. 
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ABSTRACT 

LDA  meastnements  of  the  three  mean  veloctty  conqxmeats 
and  the  associated  turbulenoe  levels  were  perfatmed  in  a  staggered 
rod  bundle  arrangement  typical  of  lignite  utility  boilers.  Measure- 
memswerecatiiedout  in  flowof  water  at  aRedof 12,858.  Therelative 
transverse  and  longitudinal  pitches  were  3.6  and  1 .6  re^tecdvely.  A 
numerical  code  was  developed  baaed  on  the  well  known  k-e 
turbulence  model  widi  and  without  a  curvature  modification.  Low 
levels  of  turbulence  were  observed  behind  the  Brat  row  but  they 
increased  downstream  of  the  second  row.  Comparisons  of  the  flow 
predictions  with  the  eaqrerimental  results  show  that  mean  vdodties 
are  well  predicted  wifo  some  ducrqrancies  in  the  recirculation 
zones.  Predictions  are  inqaoved  using  the  curvature  modification. 
However,  the  turbulenoe  levels  are  underpredicted  as  soon  as  the 
flow  aepmtes  from  the  first  cybnder  and  die  discrepancies  become 
larger  further  downstream. 


1.  INTRODUCTION 

Numerous  experimental  studies  of  the  fluid  flow  and  heat 
transfer  in  tube  be^  have  been  conducted  due  to  their  wide 
applications  in  shell-and-tube  heat  exchangers.  Most  of  the  inves¬ 
tigations  have  been  concerned  with  the  pressure  drop  and  heal 
transfer  in  tube  banks  of  various  amngemenis.  In  recent  years, 
detailed  infmmation  about  the  veioci^  and  turbulence  chancter- 
isdcsof  the  tube  banks  became  available  utilising  the  LDA  technique. 
The  investigatians  most  relevant  to  the  present  work  are  outlined 
below;  a  detailed  review  of  the  literature  can  be  found  in  Balabani 
and  Yiamifiskis  (1993). 

Several  LDA  studies  of  tube  bundle  flows  have  been  pre¬ 
sented  in  the  LDA  conferences  held  in  Lisbon.  Halim  and  Tdriier 
(1986)  reported  detailed  experimental  data  for  the  mean  vdocity 
and  turbulencedistributions  through  successiverowsofatiiangulariy 
pitched  staggered  tube  bank  with  a  pitch  to  diameter  ratio  of  138 
and  Red  ranging  fiom  60,000  to  110.000.  Simonin  and  Barcouda 
(1986)  measured  the  two  velocity  oonqxmentt  in  a  square  aney 
with  a  pitch  to  diameter  ratio  of  147  at  Red  ■>  20,000  in  flow  of 
water.  In  a  Ider  paper  (Simonin  and  Barcouda,  1988),  the  flow 
development  across  the  same  staggered  arrangement  up  to  the  sixth 
rowwasmeasuredataRed*  18,000 andthe  results  were  compared 
with  predictions  firom  a  numerical  code  emplqying  the  k-e  turbu¬ 
lence  modeL 


The  present  work  forms  part  of  a  JOULE-II  research  pro¬ 
gramme  investigaling  the  effects  of  fouling  wi  the  efficiency  of  heat 

exchangers  in  lignite  utifi^  boilers.  A  staggered  tube  bundle 
nmifigiiieiuMi  typical  of  the  heat  exdiangers  in  utility  boilers 
employed  by  the  PuMic  Power  (Corporation  of  Greece  was  exun- 
ined  under  subcritical  flow  conditions.  This  arrangement  is  chv- 

acterised  by  extremely  wide  transverse  spacing  which  has  not  been 
previously  studied.  Furthermore,  measurementsof  the  third  vdocity 

component  enabled  us  lo  rstimate  the  turbulence  kinelic  energy 

basedon  the  three  components  in  contrast  to  previous  investigations. 


2.1  Flow  rig 

A  dosed-kx^  flow  tig  was  designed  and  manufactured  to 
facilitate  single^ihase  and  two-phase  LDA  experiments  in  flow  of 
water  as  wellasrefiractive-indexmatGhingejqierimenb.  Acentrifo- 
gal  pump  is  used  to  pump  the  working  fluid  fiom  the  tank.  The 

flowrate  is  monitored  by  means  of  precision-bore  flow-meters.  The 

fluid  flows  downwards  through  a  straightening  section  and  then 
eiders  the  test  seeden.  A  proportional  temperature  control  system 
consisting  a  cooling  coiL  an  immersion  beater  and  a  thermocou- 
jde  was  built  and  installed  in  the  tank  in  order  to  maintain  the 
temperatureoftbewaskingfluidtowithin±O.OS*C.  Tbepipeworit, 
fluid  tank  and  all  conqxments  were  arranged  with  tfadr  axes  vertical 
and  designed  so  that  there  are  no  stagrumt  regions  in  the  flow,  in  dus 
way,  complete  particle  re-entrainment  into  the  flow  win  be  ensured 
every  time  the  experiment  is  re-started  for  subsequent  two-phase 
flow  studies.  FlowTmesuptD2901t/mincanbereachedGotrespond- 
ing  to  upstream  velocities,  U.M  up  to  0.93  m/s. 

2CZ  Testseclion 

A  square  cross-sectioned  test  section  (72  mm  X  72  mm)  was 
designed  and  manufactured  from  trantyMtent  cast  acrylic  material 
(poly-meihyl  methacrylate  -  Perspex).  The  test  section  oonsistt  of 
6  transverse  rows  ofcast  acrylic  rods,  10  mm  in  diameter,  arranged 
in  a  staggered  configuratiao  with  a  relative  uansverae  pitch  of  3.6 
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and  relative  longitudinal  pitch  of  1.6  (centre>io-cenire  distance  to 
diameter  ratios).  The  length  to  diameter  ratio  of  the  rods  Lid  is  7.2 
so  that  measurements  obtained  at  midspen  can  be  considered  &ee 
from  end  effects  (Fox  and  West,  1990).  The  rods  were  supported  at 
each  end  by  pressing  them  into  holes  drilled  on  the  Perspex  plates 
so  that  they  can  be  removed  and  cleaned  easily .  Half  rods  were  fixed 
in  alternate  tows  along  the  side  walls  to  simulate  an  infinite  tube 
bundle  and  minimise  boundaiy  layer  effects.  A  cross-section  of  the 
staggered  arrangement  under  study  is  shown  in  Figure  1  together 
with  the  coordinate  system  employed  in  this  study.  The  origin  of  the 
coordinate  system  is  taken  at  the  centre  of  the  cylinder  in  the  first 
row.  All  coordinates  were  expressed  in  non-dimensional  form  by 
dividing  them  with  the  tod  diameter. 
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Figure  1  C^ross-section  of  the  staggered  arrangement 
investigated. 


23  Experimental  procedures 

The  first  set  of  experiments  repotted  here  were  carried  out  in 
flow  of  water  using  a  fringe-type  LD  A  system  operating  in  forward- 
scatter  configuration.  The  diameter  and  the  length  of  the  control 
volume  were  48. S  pm  and 466  pm  respectively.  The  Doppler  signal 
from  the  photomultiplier  was  low-pass  and  high-pass  filtered  for 
noise  and  pedestal  tettroval  respectively.  It  was  then  amplified  and 
fed  to  a  frequency  counter  interfaced  to  a  microcomputer  and  a  two- 


chatmel  oscilloscope  which  was  used  to  monitOT  the  signal  quality. 
The  trmsmitting  and  receiving  optics  were  mounted  on  a  three- 
dimmsional  traversing  mechanism  so  that  the  conttd  vohitne  could 
be  positioned  anywhere  in  the  flow  field.  The  positioiial  accuracy 
in  all  three  directions  was  0.05  mm. 

The  flow  was  not  seeded  with  particles  since  the  impurities  in 
the  water  provided  good  quality  signals  aitd  high  data  rates. 
Measurements  w«re  carried  out  upstream  of  the  first  row  at  xAl  ^ - 
2.1  in  order  to  ensure  that  the  approaching  flow  was  uniform.  The 
two-ditnensioiiality  of  the  flow  was  established  i  oth  upstream  and 
inside  the  bundle  (at  x/d  s -2. 1  and  2.8  reqrectivcly)  by  measuring 
mean  velocity  profiles  at  three  different  z-planes  (z/d  -  -0.6. 0. 0.6). 

The  axial  velocities  (U,  u’)  were  measured  first,  then  the 
diffiraction  grating  and  consequently  the  control  volume  was  rotated 
through  90*  and  the  transverse  velocities  (V.  V ')  were  measured.  All 
measurements  were  taken  at  the  plane  of  sytiunelry  (z/d  s  0). 
Measurements  of  the  axial  component  in  the  region -1. 8  Sy/d^  U 
and  0.0  i  xjd  i  6.4  indicated  that  the  flow  was  symmetrical. 
Subsequently,  measurements  were  made  in  the  region  0.0  i  y/d  i 
1.8  and  0.0  S  x/d  ^  6.4.  More  detailed  measurements  of  the  axial 
velocity  were  taken  along  the  centerlines  of  the  wakes.  In  order  to 
measure  the  third  compottent.  (W.w').  the  whole  test  section  was 
rotated  by  90  *  around  the  vertical  axis.  Measurements  of  the  latter 
were  possible  only  midway  between  successive  rows  due  to  the 
restricted  optical  access.  These  data  enable  the  estimation  of  the 
turbulent  kittetic  energy.  However,  more  detailed  data  will  be 
obtained  using  the  refractive  index  truuching  technique. 

All  measurements  were  carried  out  at  a  Reynolds  number, 
based  on  the  velocity  and  hydraulic  diameter  upstream  of  the 
bundle,  of  66.862.  The  equivalent  Red  defined  by  tube  diameter 
and  gap  velocity  was  12,858.  Under  these  flow  conditions,  the  flow 
is  sub^tical  characterised  by  laminar  boundary  l^er  separation 
(Zukauskas,  1989),  in  spite  of  the  high  turbulence  generated  by  the 
tube  bundle. 


3.  COMPUTATIONAL  MODEL 

The  basic  equations  describing  the  flow  field  are  the  Reyttolds 
equations  using  the  Boussinesq  hypothesis  for  the  calculation  of  die 
Reynolds  stresses  and  the  k-e  turbulence  model  for  calculating  the 
turbulent  viscocity.  These  equations  all  reduce  to  a  single  universal 
form  with  convection  and  diffusion  terms  and  a  source  term  (S^) 
which  represents  other  terms  of  each  equation.  Morespecificalfy 
in  orthogonal  r  )j  ■  ear  coordinates  the  equation  takes  the  form: 


Vn  dn  ♦ 


(1) 


where(<b>=l  (oontinuityequation),u  (momentum  in  the^directionX 
V  (momentum  in  the  T|  directionX  k  (turbulence  kinetic  enetgyX  C 
(turbulence  energy  dissipation).Details  regarding  equations(l)can 
be  found  in  Antonopoulos  (1979). 

Other  variables  related  to  the  k-e  turbulence  model  are  de- 
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fined: 


Li 

=  c^p— +n, .  r,  =  =  0.09 .  o,„.»,  =  ’ . 

Ok  =0.9.  Ot  =1.3  (2) 

where  pr  is  the  dynamic  viscocity  of  the  fluid  and  p  is  ihe  effective 
viscocity.  Finally,  f|,  an  spatially  varying  metric  coefficients 
that  relate  the  orthogonal-curvilinear  coordinate  system  ^-r\  to 
physical  space.  These  metric  coefficients  ate  calculated  by  the  grid 
generation  procedure  of  Theodotopoulos  et  al  ( 1983 )  which  ensures 
orthogonality  of  the  grid  system  while  it  is  fitted  to  the  calculation 
domain  geometry. 

Equations  (1)  are  discretised  and  solved  using  the  SIMPLE 
finite  method.  A  detailed  description  of  the  whole  methodology 
including  grid  generation,  discretisation  etc.  can  be  found  in 
Anionopoulos  (1979)  and  in  Mouzalds  and  Befjgeles  (1991)  and 
Bergeles  (1983).  However,  the  approach  presented  here  differs 
from  that  of  the  previous  authors  in  the  way  the  variaUes  are  stored 
on  the  grid.  In  the  collocated  approach  all  variables  are  stored  in  the 
center  of  the  grid  cells  as  opposed  to  the  staggered  grid  arrangement 
where  the  u  and  v  veloddes  are  disfdaced  to  other  positions  with 
relation  to  the  scalar  variables.  When  forming  the  pressure  equa¬ 
tions  special  interpolations  must  be  used  for  the  cell  face  velocities 
as  suggested  by  Rhie  ruid  Chow  (1983).  This  is  done  to  avoid  an 
oscillating  pressure  field  which  originates  from  the  second  order 
difference  approximationfwthe  pressure  gradients  in  the  momentum 
equations. 

It  is  well  known  that  the  k-e  turbulence  model  does  not  in¬ 
clude  the  influence  of  curvature  on  the  flow.  Therefore,  in  a  fiow 
situation  such  as  the  flow  around  a  tube  where  there  is  a  curvature 
resulting  from  both  recirculation  zones  and  a  curved  walk  the  model 
will  lead  to  inaccuracies.  An  attempt  was  made  to  overcome  this 
problem  by  incorporating  into  the  k-E  model  the  curvature  modifi¬ 
cation  proposed  by  Leschziner  and  Rodi  (1981).  They  attempt  to 
include  curvature  effects  by  linking  the  C^  turbulence  constant  to 
the  shear  stresses  because  as  the  fluid  follows  a  curved  streamline 
these  tend  to  influence  the  transfer  equations  more  and  more, 
appears  in  the  source  term  (S^)  for  k  and  e  in  (1); 

S^=G-C^^p^k^  /H  .  Sj  =CiC^Gpk/p-C2pe^ /k 

(4) 

where  G  is  the  generation  of  turbulent  kinetic  energy  by  the  fluid 
stresses.  More  specifically  Leschziner  and  Rodi  (1981)  propose 
that: 

=  MAX10.02,  0.09  [lH.8^r2,^(.^H..^).Jj.r*| 

(5) 

where  the  s  and  n  subscripts  denote  directions  tangential  and  normal 
to  the  direction  of  the  streamlines  respectively  and  R^  denotes  the 
radius  of  curvature  of  the  streamline  at  the  specific  location.  Using 
the  velocities  u  and  v  in  the  cartesian  directions: 


(6) 

where  0  is  the  angle  between  the  stream  line  coordinates  and  the 
cartesian  coordinates  arxl  K|  s  9.266  is  an  empirical  constant 

4.  RESULTS  AND  DISCUSSION 
4.1  Experimental  results 

Velocity  measurements.  The  mean  velocity  field  is  shown  in 
Figure  2.  Both  the  vector  length  and  heads  are  proportional  to  the 
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Figure  2  Velocity  vectors  (Re^  =  12.838). 
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velocity  magnitude.  The  flow  field  is  characterised  by  areas  of  high 
velocity  at  the  flow  passages  between  the  rods  and  flow  Kversals 
and  low  velocities  in  the  wakes.  A  long  recirculation  zone  is  evident 
behind  the  first  row  but  the  length  of  the  leciiculation  zones  behind 
the  following  rows  is  significantly  reduced. 

Typical  mean  axial  velocity  profiles  are  shown  together  with 
the  flow  predictions  in  Figure  6.  How  reversal  is  pronounced 
behind  the  first  cylinder  with  negative  velocities  teaching  up  to  SO 
%  of  the  velocity  upstream  (Uao = 0.93  m/s).  The  same  features  can 
be  seen  to  a  lesser  extent  in  the  flow  behind  the  second  row  but  tend 
to  dissapear  behind  subsequent  tows.  The  highest  velocities  are 
observed  along  the  centre  of  the  narrow  flow  passages  betw?" 
successive  rows.  The  velocity  decreases  as  the  flow  appro^ 
each  cylinder.  Transverse  mean  velocities  reach  higher  values  at  me 
gtqjs  between  successive  tows.  An  interesting  observation  was 
made  during  measurements  of  this  component.  The  velocities 
exhibited  bimodal  distributions  probably  due  to  a  flapping  action  of 
the  separated  shear  layer.  Flow  instability  is  a  well-known  feature 
of  the  flow  in  tube  bundles  and  further  investigation  is  needed  to 
clarify  this  observation.  Measurements  of  the  third  mean  velocity 
component  (W)  confirmed  the  two-dimensionality  of  the  flow  since 
their  values  were  found  equal  to  zero  to  within  the  experimental 
error. 

Measurements  of  the  mean  axial  velocities  along  the  wake 
centrelines  provided  information  about  the  recovery  of  the  axial 
velocity  as  well  as  the  length  of  the  recirculation  zones.  The  length 
of  the  recirculation  zone,  1/d,  formed  behind  the  firsttow  was  found 
to  be  1 .15  at  the  present  Rej.  This  value  is  twice  the  length  reported 
by  Halim  and  Turner  (1986)  for  an  equilateral-triangle  r^  ar¬ 
rangement  However,  this  value  is  equal  to  the  length  of  the 
recirculation  zone  behind  a  circular  cylinder  (1/d  -  1.65)  reported 
by  McKillop  and  Durst  (1984)  at  a  similar  Re  bearing  in  mind  that 
they  measured  the  length  starting  from  the  centre  of  the  cylinder  and 
not  fiom  the  surface.  The  length  of  the  recirculation  zone  behind  the 
third  row  is  less  than  half  its  value  behind  the  first  row.  Mtxe 
detailed  measurements  were  carried  out  in  other  Reynolds  numbers 
and  the  results  are  reported  by  Balabani  and  Yianneskis  (1994). 

Turbulence  characteristics.  In  order  to  visualise  better  the 
generation  of  turbulence  in  the  rod  bundle,  contours  of  the  axial  and 
transverse  components  of  the  tms  velocities  as  well  as  of  the 
turbulence  kinetic  energy,  k,  are  shown  in  Figures  3.  4  and  5, 
respectively.  The  area  adjacent  to  the  rods  was  left  undefined  in  the 
contours  since  interpolation  by  assuming  zero  values  at  the  walls  of 
the  cylinders  led  to  an  uiuealistic  representation  of  the  distributions 
in  that  region. 

The  axial  rms  velocities  (Figure  3)  are  relatively  low  behind 
the  first  tow  but  they  start  rising  immediately  after  the  second  row. 
Behind  both  the  first  and  second  tows,  the  tms  values  increase  with 
distance  from  the  cylinder  and  are  higher  near  the  end  of  the 
recirculation  zones.  However,  behind  the  third  and  fourth  tows, 
axial  tms  velocities  are  higher  in  the  recirculation  zones  (0.50-0  J5 
m/s)  and  reduce  with  distance  fiom  the  surface.  A  maximum  value 
(0.60  m/s)  is  reached  near  the  edges  of  the  recirculation  zones. 
Turbulence  levels  in  the  main  stream  flow  between  the  third  and 
fourth  tows  are  almost  constant  with  values  between  0.4  -  0  J  m/s. 

The  distribution  of  the  transverse  tms  velocities  (Figure  4) 
exhibits  slightly  different  behaviour.  Rms  velocities  are  higher  after 
the  end  of  the  recirculation  zones  indicating  intense  lateral  mixing. 
Again  rms  velocities  are  relatively  low  behind  the  first  row  but  they 
increase  with  distance  from  the  surface  and  reach  higher  values  (up 
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Figure  3  Distribution  of  the  axial  rms  velocities  (Re^  =  12,858). 


to  0.60  m/s)  after  the  end  of  the  recirculation  zone.  Turbulence 
levels  start  rising  behind  the  second  row  reaching  a  maximum  of 
0.80  m/s.  The  same  trends  can  be  observed  downstream  of  subse¬ 
quent  rows  with  higher  values  after  the  end  of  the  recirculation 
zones  not  exceeding  0.75  m/s.  Turbulence  levels  in  the  main  stream 
between  the  third  and  fifth  rows  are  almost  constant  with  values 
equal  to  those  of  the  axial  component  On  average,  the  ratio  of  axial 
to  transverse  rms  velocities  was  found  to  be  1.02  ±  0.3.  This, 
however,  cannot  be  taken  as  an  indication  of  isotropy  as  the 
distributions  are  not  identical. 

The  third  tms  velocity  component  (w' )  was  measured  only  at 
4  transverse  planes  between  successive  rows  (x/d = 0.8. 2.4, 4.0  and 
5.6).  The  w’  profiles  at  these  planes  exhibited  the  same  trends  with 
the  corresponding  v’  profiles  but  the  w'  values  were  smaller.  The 
average  ratio  of  v'/w  ’  in  these  positions  was  found  to  be  1 .24  ±  0.29. 
This  ratio  was  used  to  estimate  w'  values  in  other  locations  and 
consequently  estimates  of  the  turbulence  kinetic  energy,  k.  A 
contour  plot  of  the  turbulence  kinetic  energy  is  shown  in  Figure  5. 
The  same  trends  as  those  identified  in  the  v'  contour  plot  can  be 
observed.  This  is  expected  since  the  distributions  of  the  two 
components  v’  and  w*  are  assumed  similar.  Turbulence  kinetic 
energy  is  low  behind  the  first  row  and  starts  rising  after  the  second 
row.  Higher  values  are  observed  behind  the  rods  whereas  lower 
values  of  k  can  be  seen  in  the  main  flow  stream  between  the  tods. 
The  highest  values  (0.60  m^/s^)  are  reached  behind  the  second  row. 
This  efiect  has  been  observed  by  other  investigators  (Halim  and 
Turner,  1986;  Simonin  and  Barcouda,  1988)  but  it  has  not  been 
explained  as  yet.  Almost  constant  values  of  the  turbulence  kinetic 
energy  (02-03  m^/s^)  can  be  observed  in  the  main  flow  stream 
between  the  third  and  fifth  rows. 
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Figure  4  Distribution  of  the  transverse  rms  velocities 
(Red=12,8S8). 

4.2  Numerical  predictions 

Ihedictions  were  made  using  a  128  x  70  orthogonal  curvilin¬ 
ear  grid  with  inlet  conditions  for  the  mean  and  r.m.s.  axial  velocities 
specified  by  experimental  measurements.  A  rerresenative  sample 
of  predicted  axial  mean  and  rms  velocities  is  shown  in  Figures  6  and 
7,  respectively. 

For  the  predictions  made  with  the  standard  k-E  turbulence 
model  (Figure  6(b))  overall  agreement  is  good.  The  discrepancies 
in  the  areas  of  the  recirculation  zones  are  a  result  of  the  well  known 
weakness  of  the  k-£  model.  Using  the  curvature  modiHcation  pro¬ 
vided  some  improvement  in  the  predictions  in  these  areas. 

Another  parameter  which  might  influence  the  prediction  of  a 
flow  such  as  the  one  presented  here  is  that  of  the  developing 
boundary  layer  on  the  front  of  the  cylinder.  This  is  usually  transi¬ 
tional  in  nature  and  not  easy  to  model  especially  with  the  k-e 
dirbulence  model  which  was  developed  for  fully  turbulent  flows 
(having  assumed  isotropic  turbulence).  The  influence  of  this  pa¬ 
rameter  was  made  evident  by  performing  two  calculations;  the  first 
using  as  the  inlet  plane  the  experimental  measurements  at  the  center 
plane  of  the  flrst  tube  (Xin=0.0  m)  and  the  second  with  the  inlet 
plane  21  mm  before  the  first  tube  (Xin=-0.021  m)  so  that  the 
boundary  layer  developing  on  the  front  of  the  first  tube  is  predicted. 
The  results  ^gure  6(a))  are  obviously  better  for  the  inlet  at  Xin=0.0 
m  where  the  boundary  layer  development  is  not  modelled  but  taken 
flom  experiment  This  emphasizes  the  need  to  implement  a  model 


Figure  S  Distribution  of  the  turbulence  kinetic  energy,  k 
(Red  =  12,858). 

that  will  correctly  predict  developing  and  transitional  boundary 
layers  if  better  accuracy  is  to  be  achieved. 

Axial  rms  velocities  (Figure  7)  were  predicted  using  the 
standardk-e  turbulence  model  as  well  as  the  curvature  modification 
proposed  by  Leschziner  and  Rodi  (1981).  The  rms  velocities  were 
calculated  from  the  mean  velocities,  turbulence  kiiKtic  energy  (k) 
and  its  dissipation  (e)  using  an  algebraic  Reynolds  stress  model 
(Picart  et  aL.  1986).  The  rms  velocities  are  well  predicted  at 
positions  where  there  is  no  flow  separation.  At  X=0.008  m  where 
the  flow  separates  over  the  first  cylinder  discrepancies  begin  to 
appear  near  the  separated  region  and  by  the  time  the  flow  begins  to 
sqwate  over  the  second  cylinder  (X  =  0.016  m)  they  spread  to  the 
rest  of  the  flow  domain.  Profiles  at  positions  after  the  second 
cylinder  are  influenced  by  two  sqiarated  regions  making  the 
discrepancies  larger.  This  is  a  well  known  weakness  of  the  k-c 
turbulence  model  which  does  not  perform  correctly  in  sqiarated 
regions. 


5.  CONCLUSIONS 

Detailed  experimental  data  for  the  mean  and  rms  velocities 
were  obtained  in  a  staggered  tube  bundle  and  a  numerical  code 
based  on  the  k-e  turbulence  model  using  a  curvature  modification 
was  developed. 

Mean  velocity  measurements  revealed  a  flow  pattern  charac- 
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tensed  by  a  main  tlieam  flowing  through  the  between  succes¬ 

sive  rows  possessing  high  velocities  that  change  little  in  magnitude 
from  row  to  row  and  aieas  of  flow  feversals  and  low  velocities  in  the 
wakes.  A  large  velocity  gradient  is  observed  at  the  separated  shear 
layer  from  the  first  cylinder.  The  gradients  are  much  smaller  in 
subsequent  rows.  Flow  revenal  is  pronounced  behind  the  fitu  row 
with  negative  velocities  up  to  SO  %  of  the  velocity  upstream  and  a 
long  recirculalion  zone  is  foimed  with  a  length  I/d  s  l.lSatRcd^ 
1 2,8S8.  The  length  of  the  recirculation  zone  is  significantly  reduced 
further  downstream  with  a  value  of  I/d  »  0.43  behind  the  third  row. 

Turbulence  levels  are  low  behind  the  first  row  and  they  start 
to  increase  after  the  second  row.  The  transverse  components  reach 
generally  higher  values  than  the  axial  ones  at  the  end  of  the 
recirculation  zones  with  a  maximum  observed  downstream  of  the 
second  row.  The  third  ims  component  exhibits  the  same  trends  as 
the  transverse  component  but  the  values  are  lower.  The  distribution 
of  the  estimated  tmixilence  kinetic  energy  exhibits  maximum  levels 
behind  the  second  row. 

Predictions  of  the  mean  axial  velocities  using  the  standard  k- 
E  model  showed  good  agreement  with  some  discrepancies  in  the 
areas  of  the  recirculation  zones.  Improved  predictions  were  ob¬ 
tained  using  the  curvature  modificatian.  Axial  rms  velocities  ate 
well  predicted  at  locations  where  there  is  no  separation  of  the  flow 
butdiscrepandes  are  present  where  the  flow  separates  from  the  first 
cylinder  and  they  becottw  larger  further  downsffeam.  In  general, 
predicted  values  are  lower  than  the  experimetttal  ones. 

The  experimental  and  computational  work  is  currently  being 
extended  to  investigate  different  rod  bundle  arrangements  and  two- 
phase  flows. 
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ABSTRACT 

The  two-dimensional  mean  velocity  and  Reynolds 
stress  fields  have  been  measured  in  the  middte  of  a 
staggered  tube  bundle  in  croes  fiow  of  water.  The  tube 
bundle  had  transverse  to  kingitudinal  pitdies  2  x  2 
and  the  Re3molds  number  for  the  flow  was  Re  =  32000. 
The  measurements  did  not  cover  the  region  close  to  the 
tube  walls.  A  recirculation  zone  extended  one  diame¬ 
ter  behmd  the  axis  of  each  tube.  Visualization  illus¬ 
trates  the  flow  further.  Numerical  scdutions  baaed  on 
the  “standard"  verskms  of  the  k-e  and  the  Reynolds 
stress  turbulence  models  are  compared  with  the  mea¬ 
surements. 

1  INTRODUCTION 

Tbbe  bundles  in  cross  flow  appear  in  many  industrial 
heat  transfer  processes.  In  most  practical  applica¬ 
tions  the  flow  downstream  of  the  first  or  seccmd  row 
is  highly  turbulent  and  involves  large  recirrulatimu  re- 
gHHis.  Confined  flows,  such  as  this,  and  the  associated 
heat  transfer,  is  difficult  to  predict  by  existing  turbu¬ 
lence  models.  Such  flows  represent  good  tost  cases  for 
turbulence  models  for  at  least  two  reasons:  The  first 
is  that  the  flow  contains  several  complex  features  that 
are  fiiund  in  many  other  industrial  flows;  the  second  is 
that  the  flow  can  be  modelled  with  a  periodic  bound¬ 
ary  conditkm  instead  of  an  inlet  condition.  In  this  way, 
there  is  no  need  to  estimate  model  variables  that  are 
difficult  or  impossible  to  measure.  It  is  the  purpose  of 
the  present  study  to  provide  new  data  that  can  used 
for  the  development  of  improved  turbulence  modds  for 
this  class  of  confined  flows.  In  addition,  the  study  com¬ 
pare  these  data  with  predictions  based  on  two  standard 
turbulence  models. 

A  more  detailed  description  of  the  present  study 
and  of  heat  transfer  measurements  made  in  the  same 
geometry  can  be  found  in  Meyer  (1994)  .  Only  few 
measurements  of  local  flow  and  turbulence  fields  have 
been  published.  Measurements  with  hot-wire  and 


similar  tediniques  are  unrealiable  in  the  recirculat¬ 
ing  and  highly  turbulent  zcme  behind  the  tubes.  Op¬ 
tical  methods  like  laaer-Doppler  Anemometry  (LDA) 
are  probably  the  best  meth^  for  this  flow.  Halim 
and  Ibmer  (1986)  have  presented  LDA-measurements 
of  the  flow  development  in  a  staggered  tube  bundle, 
but  these  measurements  are  only  perfimned  between 
the  tube  rows.  The  present  study  has  used  a  tedi- 
nique  that  is  similar  to  the  LDA-study  of  Simonin  & 
Barcouda  (1988).  They  presented  quite  detailed  LDA- 
measurements  in  a  staggered  tube  bundle  had  a 
closer  arrangement  than  the  tube  bundle  used  in  the 
present  study. 


Figure  1:  Coordinate  system  located  at  the  tube  cent» 
the  middle  of  the  seventh  row.  The  symbol  o  marks 
measuring  positions  in  one  of  the  unit  rails 

It  is  a  general  experience  in  most  experiments,  e.g. 
see  2ukauskas  and  Ulinskas  (1988),  that  the  flow  (and 
the  heat  transfer)  is  folly  deWoped  aftor  the  first  3-5 
rows.  This  means  that  inside  a  tube  bundle  aU  features 
of  the  flow  are  represented  in  a  “unit-cdl”  betweoi 
two  rows,  see  Figure  1.  The  presmit  study  will  only 
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Figure  2:  Flow  system  and  test  channel  used  fiv  measurements 


investigate  the  flow  in  the  middle  of  a  tube  bundle. 

2  EXPERIMENTAL  SET-UP 

The  flow  system  and  the  test  channel  are  shown  in  Fig¬ 
ure  2.  The  test  diaonel  consist  of  rods  with  a  diameter 
D  =  10mm  and  they  are  mounted  in  a  box  of  acryl  of 
good  optical  quality.  The  transverse  and  the  lonptu- 
dinal  pitdies  of  the  bundle  areaxb  =  2x2  and  the 
length  of  each  rod  is  6  diameters.  The  test  channel  is 
connected  to  the  flow  system  with  flexible  hoses  and  it 
can  be  moved  a  travetsing  mechanisme.  The  error 
on  the  podtimiing  is  believed  to  within  ±0.15mm. 

In  the  flow  system,  tap  water  is  circulated  by 
a  centrifugal  pump  and  the  flow  is  regulated  with  a 
throttle  valve.  The  mean  flow  rate  is  believed  to  be 
steady  within  i:l  %.  The  Reynolds  number  is  Ae  = 
UnD/v  =  32000  and  is  based  on  the  mean  velocity 
Um  >Q  the  minimum  flow  sectitm,  the  tube  diameter  D 
and  the  kinematic  viscosity  u.  The  minimum  flow  sec¬ 
tion  for  this  tube  bundle  is  located  between  two  tubes 
in  the  same  row  and  the  mean  velocity  was  found  to 
be  Urn  =  2.85  m/s  Iqr  measurements  in  several  of  these 


cross  sections. 

The  laser-Doppler  anemometer  consists  of  a  1.5  W 
Argon  laser,  a  4  beam,  two<omponmit  optical  unit 
with  flequency  shift  and  front  Imis  with  a  focal  length 
of  160mm.  The  two  photomultipliers  were  placed  in 
forward  scatter  mode  and  the  signab  were  proMSsed  by 
a  frequency  shifter  (Dantec  55N15)  and  two  counter 
processors  (Dantec  55L96).  Some  of  the  parameters 
for  the  two  data  channels  are  listed  in  table  1.  The 
setting  of  frequency  shifting  and  hi-  and  low-pass  Al¬ 
ters  ensured  for  both  channeb  and  for  all  measuring 
positions  that  all  data  ptrats  were  within  5  standard 
deviatirais  of  the  mean  value  were  treated  cmrectly. 

The  counter  processors  were  equipped  with  a  cdn- 
ddence  filter  in  cadet  to  ensure  the  simultaneity  (rf  the 
signab.  The  maximal  time  difference  between  the  two 
signab  was  chosen  to  50ps.  Typical  data  rates  were 
between  10  and  50Hz.  These  data  rates  give  an  av¬ 
erage  time  between  samples  that  b  significantly  larger 
that  the  correlation  time  for  the  flow.  The  date  from 
the  counters  are  collected  and  processed  to  the  final 
results  with  a  program  by  Jorgensen  &  Maixen  (1993) 
running  on  a  personal  cmnputer. 


direction 

xa 

colour 

green 

blue 

beam  intersection  angle 

12.8° 

13.4° 

wavelength 

(nm] 

514.5 

488.0 

firinge  spacing 

[pml 

2.300 

2.085 

frequency  shift 

[kHz] 

2000 

3000 

high  pass  filter 

[kHz] 

64 

256 

low  pass  filter 

[kHz] 

4000 

8000 

Table  1:  Parameters  for  the  two  data  channels 


At  each  measuring  point  mean  velocity  compo¬ 
nents  and  Reynolds  stresses  were  computed  by  resi¬ 
dence  time  averaging  of  5000  samples  recorded  at  a 
mean  sampling  frequency  that  was  significantly  lower 
that  the  reciprocal  of  the  integral  time  scale.  Prelim¬ 
inary  measurement  with  different  numbers  of  samples 
indicated  that  5000  samples  gave  reasonable  accurate 
results  although  measiuements  with  even  more  sam¬ 
ples  could  be  justified.  The  uncertainty  has  been  esti¬ 
mated  for  the  velocities  to  be  less  than  2  %  of  and 
for  the  Reynolds  stresses  to  be  less  than  5  %  of  their 
local  levels. 

3  NUMERICAL  METHOD 

To  illustrate  the  performance  of  standard  turbulence 
models  in  a  tube  bundle,  calculations  have  been  per¬ 
formed  with  the  commercial  program  CFDS-FLOW3D 
from  Harwell  Laboratories,  UK  (1991).  The  time- 
averaged  continuity  og  momentum  equations  for  in¬ 
compressible  flows  have  been  solved  together  with  two 
of  the  most  used  turbulence  models:  the  “standard” 
k-€  (e.g.  see  Rodi  1980)  and  the  “standard"  Reynolds 
stress  model  by  Gibson  &  Launder  (1978).  For  the  lat¬ 
ter,  the  so-called  wall  reflection  terms  have  been  im¬ 
plemented  specially  for  this  geometry. 

The  equations  have  been  solved  with  the  finite  dif¬ 
ference  method  on  a  curviliniar  grid  and  with  ail  vari¬ 
ables  located  at  the  center  of  each  cell.  The  SIMPLE 
algoritm  has  been  used  to  ensure  continuity  and  to  find 
the  local  pressure.  The  convective  terms  have  been  dis¬ 
cretized  using  the  hybrid  scheme.  When  the  Reynolds 
stress  model  is  used  the  momentum  equations  are  dis¬ 
cretized  with  the  upwind  scheme  due  to  the  lack  of  a 
diffusive  terms  in  this  case. 

The  wall  boundary  conditions  for  the  momemtum 
and  the  e  equations  are  the  modified  wall  laws  de¬ 
scribed  by  Launder  (1988).  For  the  k-equation  and 
the  Reynolds  stress  equations,  a  zero  gradient  condi¬ 
tion  has  been  used  as  boundary  condition  at  walls. 

The  calculations  have  been  performed  in  a  “unit¬ 
cell”  located  between  two  tube  rows,  see  Figure  1. 


Here,  agridof80  x40cells  was  used.  It  could  be  argued 
that  a  grid  with  mme  cdls  should  be  used.  However, 
since  the  wall  laws  are  based  (m  the  assumption  that 
the  first  cell  node  be  locaced  at  a  distance  y*  >  11 
from  the  wall,  it  is  not  justified  to  refine  the  grid  fur¬ 
ther. 

The  boundary  conditions  for  the  unit  cell  are  per- 
odic  conditions  in  the  up-  and  downstream  boundaries, 
wall  laws  at  the  walls  and  symmetry  conditions  tm 
the  remaining  two  sides  of  the  domain.  The  periodic 
boundary  conditiem  is  anti-83rmmetric  and  should  also 
tjtke  into  account  the  pressiue  drop  over  the  domain. 
This  special  periodic  boundary  condition  has  been  im¬ 
plemented  into  the  code  in  the  present  study. 

4  RESULTS  AND  DISCUSSION 

The  measurements  were  performed  in  a  plane  normal 
to  the  tube  *yes  and  located  in  the  middle  of  the  test 
rhannpl  at  a  distance  of  3D  frrom  the  side  walls.  Some 
measurements  were  made  closer  to  the  side  walls;  ef¬ 
fects  of  the  side  walls  were  found  to  extend  up  to  about 
1  diameter  from  the  wall.  The  final  measurements  were 
performed  in  a  measuring  section  around  the  tube  in 
the  middle  of  the  seventh  row  as  indicated  in  Figure  2. 
The  coordinate  system  is  shown  in  Figure  1. 


Figure  3:  Picture  of  the  flow  with  exposure  time  1/30 
second.  Flow  from  left  to  right. 

Figure  3  shows  a  visualization  of  the  flow.  The 
test  section  has  been  turned  90°  around  the  zi-axis 
and  the  two  green  laser  beams  produce  sheets  of  laser 
light  in  the  measuring  plane  by  means  of  two  cylinders 
lenses.  Mirrors  were  used  to  give  a  better  distribution 
of  the  light.  However,  due  to  reflections  by  the  acryl 
rods,  fields  of  different  shading  are  seen  in  Figure  3. 
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Tiny  air  bubbles  were  added  to  the  water.  The 
photographs  was  taken  with  a  standard  35  mm  SLR 
camera  with  a  black  and  white  film  and  it  is  shown 
in  negative  format,  i.e.  the  traces  of  the  bubbles  are 
shown  as  black  lines.  During  the  exposure  time,  the 
main  flow  has  moved  about  7  diameters. 

The  visualization  gives  an  impression  of  the  mean 
flow.  The  flow  seems  to  be  divided  into  two  regions: 
The  region  behind  the  cylinder  with  large  vortices  and 
the  rest  of  the  flow  where  no  vortices  can  be  seem. 
However,  in  the  latter  region,  the  tracks  of  the  bubbles 
cross  each  other  indicating  that  there  is  a  high  degree 
of  turbulence  in  this  region  also.  In  the  region  behind 
the  cylinder  the  existence  of  large  vortices  indicates 
that  flow  reversal  occurs. 

The  measuring  section  contains  four  unit  cells  and 
the  results  from  these  have  been  mapped  into  the  one 
unit  cell  shown  in  Figure  1.  This  figure  also  indicates 
the  positions  of  the  single  measurements.  The  mea¬ 
surements  were  performed  on  a  grid  with  a  spacing  of 
0.1mm.  Due  to  the  angle  of  the  laser  beams  it  is  not 
possible  to  make  measurements  close  to  the  tube  walls. 

A  selection  of  the  measurements  are  shown  in  Fig¬ 
ures  4-€  as  profiles  of  both  velocities  and  Reynolds 
stresses  along  the  three  lines  at  respectively  zi  = 
0.8  D,  Z]  =  0  and  ij  =  D  (see  Figure  1).  The  plots  of 
velocities  show  that  the  flow  contains  a  recirculating 
zone  behind  the  tube  and  the  profll  of  Ui  in  Figure  6 
shows  that  this  zone  extents  to  about  xi  =  1.0  D.  The 
levels  of  the  Reynolds  stresses  in  the  recirculation  zone 
are  about  three  times  higher  that  the  generally  quite 
high  levels  found  in  the  main  flow. 

In  Figure  4  the  measurements  from  each  of  the  4 
unit  cells  around  the  middle  tube  in  the  seventh  row 
are  transformed  to  one  of  the  unit  cells  and  are  shown 
together  with  the  mean  value  of  these  measurements. 
In  general,  the  measurements  from  the  different  unit 
cells  are  close  to  each  other.  This  supports  the  use  of 
a  unit  cell  to  describe  the  entire  flow  in  the  middle  of 
a  tube  bundle. 

However,  at  the  border  of  the  recirculation  zone, 
there  is  a  systematic  difference  between  the  measure¬ 
ments  of  UjU2  and  uiU2  that  changes  sign  (shown  with 
the  symbols  x  and  +)  during  the  transformation  to 
this  unit  cell  and  the  other  measurements.  There  is 
therefore  a  velocity  bias  error  on  the  U2  velocity  at  this 
location.  This  error  was  found  consistently  at  many 
corresponding  locations  in  the  flow  and  it  is  therefore 
believed  that  the  bias  error  does  not  arise  from  the 
flow  but  from  the  measuring  system.  It  has  not  been 
possible  to  ascertain  whether  the  bias  error  arises  from 
the  optical  system  or  from  the  processing  of  the  signal. 

The  results  from  the  calculations  are  also  pre¬ 
sented  in  Figures  4-6.  The  velocities  predicted  by  the 


k-c  model  show  only  a  very  little  recirculation  zone. 
The  level  of  the  turbulent  k^etic  energy  k  is  predicted 
too  low  in  the  recirculation  zone  and  too  high  in  the 
rest  of  the  flow.  It  is  a  general  experience  that  the  k-e 
model  predicts  too  small  recirculation  zones  and  this 
model  is  therefore  probably  too  simple  to  represent  the 
complex  flow  in  a  tube  bundle. 

The  velocities  predicted  by  the  calculation  with 
the  Reynolds  stress  model  are  in  reasonable  agreement 
with  the  measurements.  The  redrculatum  zone  is  pre¬ 
dicted  to  be  a  little  too  long  and  a  little  too  narrow. 
However,  the  level  of  the  Reynolds  stresses  are  all  pre¬ 
dicted  to  be  much  too  low.  The  reason  for  this  is  not 
clear,  but  it  is  likely  that  this  problem  is  connected 
to  the  use  of  wall  laws.  Since  the  cell  nodes  a4jacent 
to  the  walls  have  value  of  y*  close  to  11  and  the  flow 
at  the  same  time  is  frur  from  the  approximations  used 
in  the  wail  laws,  it  could  be  argued  that  the  calcula¬ 
tion  should  resolve  the  wall  layer  instead  of  using  wall 
laws.  As  mentioned  earlier  it  would  also  be  desirable 
to  use  a  finer  grid  in  order  to  ensure  grid  independent 
results.  However,  Reynolds  stress  models  that  are  able 
to  model  the  low-Reynolds  number  layer  at  the  wall 
are  still  only  under  development. 

5  CONCLUSIONS 

Measurements  have  been  made  in  four  unit  cells  in  the 
middle  of  a  tube  bundle.  These  data  fit  well  with  the 
assumption  that  all  characteristics  of  the  flow  are  found 
in  each  of  the  unit  cells.  The  measurements  show  a 
quite  large  recirculation  zone  that  extents  1  diameter 
behind  the  axis  of  each  tube.  The  largest  levels  of  the 
Reynolds  stresses  are  found  in  the  recirculation  zone; 
here  they  are  about  3  times  large  than  the  levels  found 
in  the  main  flow. 

Numerical  results  obtained  with  a  commercial 
CFD-code  show  that  neither  the  k-e  model  nor  the 
Reynolds  stress  model  give  satisfactory  predictions  of 
the  flow,  when  wall  laws  were  used  as  boundary  con¬ 
ditions.  The  measured  data  supply  valuable  data  for 
further  development  and  test  of  turbulence  modelling 
of  industrial  flows. 
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